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Preface

Deployment of 5G wireless access network based on the 3GPP NR (“New Radio”)

technology is now well under way. Compared to 4G networks based on the LTE tech-

nology, 5G provides substantially better mobile-broadband performance including data

rates of many 10 Gbps and substantially lower latency. But 5G goes beyond this, also

addressing services requiring new levels of reliability in combination with very lower

latency. The evolution of 5G also includes extensive support for various verticals and

new deployment scenarios.

This book describes NR as of Spring 2023. Chapter 1 provides a brief introduction,

followed by a description of the standardization process and relevant organizations such as

the aforementioned 3GPP and ITU in Chapter 2. The frequency bands available for

mobile communication are covered in Chapter 3 together with a discussion on the pro-

cess for finding new frequency bands.

An overview of LTE and its evolution is found in Chapter 4. Although the focus of

the book is NR, a brief overview of LTE as a background to the coming chapters is rel-

evant. One reason is that both LTE and NR are developed by 3GPP and hence have a

common background and share several technology components. Many of the design

choices in NR are also based on experience from LTE. Furthermore, LTE remains

important for the overall 5G radio access, not only as important component for

certain IoT applications but also in terms of operating together with 5G/NR in dual-

connectivity scenarios.

Chapter 5 provides an overview of NR. It can be read on its own to get a high-level

understanding of NR or as an introduction to the subsequent chapters.

Chapter 6 outlines the overall protocol structure in NR, followed by a description of

the overall time/frequency structure of NR in Chapter 7.

Multiantenna processing and beamforming are integral parts of NR. The channel

sounding tools to support these functions are outlined in Chapter 8, followed by the

overall transport-channel processing in Chapter 9 and the associated control signaling

in Chapter 10. How the functions are used to support different multi-antenna

schemes and beamforming functions is the topic of Chapters 11 and 12.

Retransmission functionality and scheduling are the topics of Chapters 13 and 14,

followed by power control in Chapter 15, cell search in Chapter 16, and random access

in Chapter 17.

Coexistence and interworking with LTE is an essential part of NR, especially in the

non-standalone version that relies on LTE for mobility and initial access, and is covered in

Chapter 18.

xi
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Chapters 19–27 focus on some of the major new features brought by the evolution of

NR in release 16, release 17, and release 18. Remote interference management for TDD

networks is discussed in Chapter 19. Accessing unlicensed spectrum is treated in

Chapter 20. Enhancements for machine-type communication are discussed in Chapters

21 and 22, with Chapter 21 focusing on ultra-reliable, low-latency communication and

industrial internet-of-things and Chapter 22 treating RedCap devices and small-data

transmission. Chapter 23 describes the enhancements for multicast and broadcast services.

Chapter 24 describes integrated access and backhaul where NR is used not only for the

access link but also for backhauling purposes. Chapter 25 covers the introduction of NR

support for so-called non-terrestrial networks, in practice 5G access via satellites and

high-altitude platforms. Vehicular-to-anything communication and the NR sidelink

design is the scope of Chapter 26. Positioning is treated in Chapter 27.

Radio-frequency (RF) requirements, taking into account spectrum flexibility across

large frequency ranges and multistandard radio equipment, are the topic of Chapter 28.

Chapter 29 discusses the RF implementation aspects for higher frequency bands in the

mm-wave range.

Finally, the book is concluded by Chapter 30 with an outlook to future NR releases

and the upcoming 6G technologies.

xii Preface
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CHAPTER 1

What is 5G?

1.1 The evolution of mobile communication – From 1G to 5G

Over the last 40+ years, the world has witnessed five generations of mobile communi-

cation, see Fig. 1.1.

The first generation of mobile communication, emerging around 1980, was based on

analog transmission with the main technologies being AMPS (Advanced Mobile Phone

System) developed within North America, NMT (Nordic Mobile Telephony) jointly

developed by the Nordic countries, and TACS (Total Access Communication System)

used in, for example, the United Kingdom. The mobile communication systems based

on first-generation technology were limited to voice services and, for the first time, made

mobile telephony accessible to ordinary people.

The second generation of mobile communication, emerging in the early 1990s, saw

the introduction of digital transmission on the radio link. Although the target service was

still voice, the use of digital transmission allowed for second generation mobile-

communication systems to also provide limited data services. There were initially several

different second-generation technologies, including GSM (Global System for Mobile

communication) jointly developed by a large number of European countries,

D-AMPS (Digital AMPS), PDC (Personal Digital Cellular) developed and solely used

in Japan, and the CDMA-based IS-95 technology. As time went by, GSM spread from

Europe to other parts of the world and eventually came to completely dominate among

the second-generation technologies. Primarily due to the success of GSM, the second-

generation systems also turned mobile telephony from something still being used by only

a relatively small fraction of people to a communication tool being a necessary part of life

for a large majority of the world’s population.

The third generation of mobile communication, often just referred to as 3G, was

introduced in the early 2000s, based on the work in the newly established Third Gen-

eration Partnership Project (3GPP). With 3G and, especially, with the 3G evolution

known as HSPA (High Speed Packet Access) [19], the first true step toward high-quality

mobile broadband was taken. In addition, while earlier mobile-communication technol-

ogies were only designed for operation in paired spectrum (separate spectrum for

network-to-device and device-to-network links) using Frequency-Division Duplex

(FDD), see Chapter 7, 3G also saw the first introduction of mobile technologies targeting

unpaired spectrum using Time Division Duplex (TDD).
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Around 2010, fourth-generation (4G) mobile communication was introduced in

form of the LTE technology [26]. LTE followed in the steps of HSPA, with higher effi-

ciency and further enhanced mobile-broadband experience by enabling higher achiev-

able data rates and lower latency. This was provided by means of an OFDM-based

transmission technology enabling wider transmission bandwidths and more advanced

multi-antenna technologies. Furthermore, while 3G allowed for mobile communication

in unpaired spectrum by means of a specific radio-access technology different from the

one used in paired spectrum, LTE supported both FDD and TDD operation, that is,

operation in both paired and unpaired spectrum, within the same radio-access technol-

ogy. By means of LTE the world thus converged into a single global technology for

mobile communication. As discussed in somewhat more detail in Chapter 4, the later

evolution of LTE has extended mobile communication into unlicensed spectrum.

Wireless communication has now evolved well into the fifth generation (5G) era

represented by the NR radio-access technology. 5G further enhances the mobile-

broadband experience, beyond 4G and also expands mobile communication to address

a wide range of new use cases beyond mobile broadband.

1.2 3GPP and the standardization of mobile communication

Agreeing on multi-national technology specifications and standards has been key to the

success of mobile communication. This has allowed for the deployment and interoper-

ability of devices and infrastructure of different vendors and enabled devices and subscrip-

tions to operate on a global basis.

As already mentioned, already the first-generation NMT technology was created on a

multinational basis, allowing for devices and subscription to operate over the national

borders between the Nordic countries. The next step in multinational specification/stan-

dardization of mobile-communication technology took place when GSM was jointly

developed between a large number of European countries within CEPT, later moved

to the newly created ETSI (European Telecommunications Standards Institute). As a

consequence of this, GSM devices and subscriptions were already from the beginning

1G 2G 3G 4G 5G
AMPS TACS

NMT
GSM D-AMPS

PDC IS-95
WCDMA/HSPA

TD-SCDMA
cdma2000

LTE NR

~1980 ~1990 ~2000 ~2010 ~2020

The foundation
of mobile telephony

Mobile telephony
for everyone

The foundation
of mobile broadband
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mobile broadband
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Fig. 1.1 Generations of mobile communication.
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able to operate over a large number of countries, covering a very large number of poten-

tial users. This large common market had a profound impact on device availability, lead-

ing to an unprecedented number of different device types and substantial reduction in

device cost.

However, the final step to true global standardization of mobile communication came

with the specification of the 3G technologies, especially WCDMA. Work on 3G tech-

nology was initially also carried out on a regional basis, that is, separately within Europe

(ETSI), North America (TIA, T1P1), Japan (ARIB), etc. However, the success of GSM

had shown the importance of a large technology footprint, especially in terms of device

availability and cost. It also become clear that although work was carried out separately

within the different regional standard organizations, there were many similarities in the

underlying technology being pursued. This was especially true for Europe and Japan

which were both developing different but very similar flavors of wideband CDMA

(WCDMA) technology.

As a consequence, in 1998, the different regional standardization organizations came

together and jointly created the Third-Generation Partnership Project (3GPP) with the

task of finalizing the development of 3G technology based onWCDMA. A parallel orga-

nization (3GPP2) was somewhat later created with the task of developing an alternative

3G technology, cdma2000, as an evolution of second-generation IS-95. For a number of

years, the two organizations (3GPP and 3GPP2) with their respective 3G technologies

(WCDMA and cdma2000) existed in parallel. However, over time 3GPP came to

completely dominate and has, despite its name, continued into the development of

4G (LTE), and 5G (NR) technologies. Today, 3GPP is the only significant organization

developing technical specifications for mobile communication.

1.3 The new generation – 5G NR

Discussions on fifth-generation (5G) mobile communication began around 2012. In

many situations, the term 5G is used specifically for the new 5G radio-access technology

referred to as NR or “New Radio”. However, 5G is also often used in wider context,

referring to the range of new use cases toward which mobile communication is evolving

in the 5G era.

1.3.1 The 5G use cases
In the context of 5G, one is often talking about three distinctive classes of use cases:

enhanced mobile broadband (eMBB), massive machine-type communication (mMTC),

and ultra-reliable and low-latency communication (URLLC) (see also Fig. 1.2).

• eMBB corresponds to a more or less straightforward evolution of the mobile

broadband services of 4G, enabling even larger data volumes and further enhanced

user experience, for example, by supporting even higher end-user data rates.

3What is 5G?
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• mMTC corresponds to services that are characterized by a massive number of devices,

for example, remote sensors, actuators, and the monitoring of various equipment. Key

requirements for such services include very low device cost and very low device

energy consumption, allowing for very long device battery life of up to at least several

years. Typically, each device consumes and generates only a relatively small amount of

data, that is, support for high data rates and high spectral efficiency is of less

importance.

• URLLC type-of-services are envisioned to require very low latency and extremely

high reliability. Examples hereof are traffic safety, automatic control, and factory

automation.

It is important to understand that the classification of 5G use cases into these three dis-

tinctive classes is somewhat artificial, primarily aiming to simplify the definition of

requirements for the technology specification. There will be many use cases that do

not fit exactly into one of these classes. Just as an example, there may be services that

require very high reliability but for which the latency requirements are not that critical.

Similarly, there may be use cases requiring devices of very low cost but where the pos-

sibility for very long device battery life may be less important.

1.3.2 Evolving LTE to 5G capability
The first release of the LTE technical specifications was introduced in 2009. Since then,

LTE has gone through several steps of evolution providing enhanced performance and

extended capabilities. This has included features for enhanced mobile broadband, includ-

ing means for higher achievable end-user data rates as well as higher spectrum efficiency.

However, it has also included important steps to extend the set of use cases to which LTE

can be applied. Especially, there have been important steps to enable truly low-cost

devices with very long battery life, in line with the characteristics of massive MTC

eMBB
High data rates, High traffic volumes

mMTC
Massive number of devices, 

Low cost, low energy consumption 

URLLC
Very low latency, 

Very high reliability and availability

Fig. 1.2 High-level 5G use-case classification.
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applications. Thus, LTE-derived technologies for massive MTCwill continue to play an

important role also in the 5G era and can be seen as part of an overall 5G system. LTE is

also an important part of the overall 5G solution when operating in so-called non-

standalone mode as discussed in Chapter 6. Although not being the main aim of this

book, an overview of LTE and its evolution is provided in Chapter 4.

1.3.3 NR – The new 5G radio-access technology
Despite LTE being a very capable technology, it was quite clear around 2015 that the full

set of use cases envisioned for 2020 and beyond required performance and capabilities

beyond what could efficiently be met by just evolving LTE. Also, the general technology

advancements since the introduction of LTE paved the way for new technology solutions

that were difficult or even impossible to efficiently introduce in a direct LTE evolution.

To ensure that its technologies could meet the requirements of future use cases and fully

exploit the potential of new technologies, 3GPP therefore initiated the development of a

new 5G radio-access technology known as NR (New Radio). A workshop setting the

scope for NRwas held in the fall of 2015 and technical work began in the spring of 2016.

The first version of the NR specifications was available by the end of 2017 to meet com-

mercial requirements on early 5G deployments already in 2018.

NR reuses many of the structures and features of LTE. However, being a new radio-

access technology means that NR, unlike the LTE evolution, is not restricted by a need

to retain backward compatibility. The requirements on NR are also broader than what

was the case for LTE, motivating a partly different set of technical solutions.

Chapter 2 discusses the standardization activities related to NR, followed by a spec-

trum overview in Chapter 3 and a brief summary of LTE and its evolution in Chapter 4.

The main part of this book (Chapters 5–30) then provides an in-depth description of the
current stage of the NR technical specifications, finishing with an outlook of the future

NR evolution in the last chapter.

1.3.4 5GCN – The new 5G core network
In parallel to NR, that is, the new 5G radio-access technology, 3GPP also developed a

new 5G core network referred to as 5GCN. The new 5G radio-access technology

connects to the 5GCN. However, 5GCN is also able to provide connectivity for the

evolution of LTE. At the same time, NR may connect via the legacy core network

EPC when operating in so-called non-stand-alone mode together will LTE, as will be fur-

ther discussed in Chapter 6. For a detailed description of the 5G core network, see [84].
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CHAPTER 2

5G standardization

The research, development, implementation and deployment of mobile-communication

systems is performed by the wireless industry in a coordinated international effort by

which common industry specifications that define the complete mobile-communication

system are agreed. The work depends heavily on global and regional regulation, in par-

ticular for the spectrum use that is an essential component for all radio technologies. This

chapter describes the regulatory and standardization environment that has been, and con-

tinues to be, essential for defining the mobile-communication systems.

2.1 Overview of standardization and regulation

There are a number of organizations involved in creating technical specifications and

standards as well as regulation in the mobile-communications area. These can loosely

be divided into three groups: Standards Developing Organizations, regulatory bodies

and administrations, and industry forums.

Standards Developing Organizations (SDOs) develop and agree on technical stan-

dards for mobile communications systems, in order to make it possible for the industry

to produce and deploy standardized products and provide interoperability between those

products. Most components of mobile-communication systems, including base stations

and mobile devices, are standardized to some extent. There is also a certain degree of

freedom to provide proprietary solutions in products, but the communications protocols

rely on detailed standards for obvious reasons. SDOs are usually non-profit industry orga-

nizations and not government controlled. They often write standards within a certain

area under mandate from governments(s) however, giving the standards a higher status.

There are nationals SDOs, but due to the global spread of communications products,

most SDOs are regional and also cooperate on a global level. As an example, the technical

specifications of GSM, WCDMA/HSPA, LTE and NR are all created by 3GPP (Third

Generation Partnership Project) which is a global organization from seven regional and

national SDOs in Europe (ETSI), Japan (ARIB and TTC), United States (ATIS), China

(CCSA), Korea (TTA) and India (TSDSI). SDOs tend to have a varying degree of trans-

parency, but 3GPP is fully transparent with all technical specifications, meeting docu-

ments, reports and e-mail reflectors publicly available without charge even for

non-members.
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Regulatory bodies and administrations are government-led organizations that set reg-

ulatory and legal requirements for selling, deploying and operating mobile systems and

other telecommunication products. One of their most important tasks is to control spec-

trum use and to set licensing conditions for the mobile operators that are awarded licenses

to use parts of theRadio Frequency (RF) spectrum for mobile operations. Another task is to

regulate “placing on the market” of products through regulatory certification, by ensur-

ing that devices, base stations and other equipment is type approved and shown to meet

the relevant regulation.

Spectrum regulation is handled both on a national level by national administrations,

but also through regional bodies in Europe (CEPT/ECC), the Americas (CITEL) and

Asia (APT). On a global level, the spectrum regulation is handled by the International

Telecommunications Union (ITU). The regulatory bodies regulate what services the spec-

trum is to be used for and in addition set more detailed requirements such as limits on

unwanted emissions from transmitters. They are also indirectly involved in setting

requirements on the product standards through regulation. The involvement of ITU

in setting requirements on the technologies for mobile communication is explained fur-

ther in Section 2.2.

Industry forums are industry led groups promoting and lobbying for specific technol-

ogies or other interests. In the mobile industry, these are often led by operators, but there

are also vendors creating industry forums. An example of such a group is GSMA (GSM

Association) which is promoting mobile-communication technologies based on GSM,

WCDMA, LTE and NR. Other examples of industry forums areNext Generation Mobile

Networks (NGMN) Alliance which is an open forum founded by leading operators defin-

ing requirements on the evolution of mobile systems, and 5GAmericaswhich is a regional

industry forum that advocates for the advancement and transformation of 5G and beyond

throughout the Americas.

Fig. 2.1 illustrates the relation between different organizations involved in setting reg-

ulatory and technical conditions for mobile systems. The figure also shows the mobile

industry view, where vendors develop products, place them on the market and negotiate

with operators who procure and deploymobile systems. This process relies heavily on the

technical standards published by the SDOs, while placing products on the market relies

on certification of products on a regional or national level. Note that in Europe, the

regional SDO (ETSI) is producing the so called harmonised standards used for product cer-

tification (through the “CE”-mark), based on a mandate from the regulators, in this case

the European Commission. These standards are used for certification in many countries

also outside of Europe. In Fig. 2.1, full arrows indicate formal documentation such as

technical standards, recommendations and regulatory mandates that define the technol-

ogies and regulation. Dashed arrows showmore indirect involvement through for exam-

ple liaison statements and white papers.
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2.2 ITU-R activities from 3G to 6G

2.2.1 The role of ITU-R
ITU-R is the Radio communications sector of the International Telecommunications

Union. ITU-R is responsible for ensuring efficient and economical use of the radio-

frequency (RF) spectrum by all radio communication services. The different study

groups and working parties produce reports and recommendations that analyze and

define the conditions for using the RF spectrum. The quite ambitious goal of ITU-R

is to “ensure interference-free operations of radiocommunication systems”, by imple-

menting the Radio Regulations and regional agreements. The Radio Regulations [46]

is an international binding treaty for how RF spectrum is used. A World Radio-

communication Conference (WRC) is held every 3–4 years. At WRC the Radio Regula-

tions are revised and updated, resulting in revised and updated use of the RF spectrum

across the world.

While the technical specification of mobile-communication technologies, such as

NR, LTE and WCDMA/HSPA is done within 3GPP, there is a responsibility for

ITU-R in the process of turning the technologies into global standards, in particular

for countries that are not covered by the SDOs that are partners in 3GPP. ITU-R defines

the spectrum for different services in the RF spectrum, including mobile services, and

Product Vendor

Negotiations

Operator

Product 
development

Network 
operation

Placing on
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Fig. 2.1 Simplified view of relation between Regulatory bodies, standards developing organizations,
industry forums and the mobile industry.
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some of that spectrum is particularly identified for so-called International Mobile Tele-

communications (IMT) systems. Within ITU-R, it isWorking Party 5D (WP5D) that has

the responsibility for the overall radio system aspects of IMT systems, which, in practice,

corresponds to the different generations of mobile communication systems from 3G

onwards. WP5D has the prime responsibility within ITU-R for issues related to the ter-

restrial component of IMT, including technical, operational and spectrum-related issues.

WP5D does not create the actual technical specifications for IMT, but has kept the

roles of defining IMT in cooperation with the regional standardization bodies and main-

taining a set of recommendations and reports for IMT, including a set of detailed spec-

ifications of the radio interfaces. These recommendations contain “families” of Radio

Interface Technologies (RITs) for each IMT generation, all included on an equal basis.

For each radio interface, the specifications contain an overview of that radio interface,

followed by a list of references to the detailed specifications. The actual specifications

are maintained by the individual SDO and the specifications provide references to the

specifications transposed and maintained by each SDO. The following detailed specifi-

cations for IMT are in existence or planned:

• For IMT-2000: ITU-RRecommendationM.1457 [47] containing six different RITs

including the 3G technologies such as WCDMA/HSPA.

• For IMT-Advanced: ITU-R Recommendation M.2012 [43] containing two differ-

ent RITs where the most important one is 4G/LTE.

• For IMT-2020: ITU-R Recommendation M.2150 [123] containing two RITs and

two SRITs, where the most important ones are the 5G NR RIT and SRIT.

• For IMT-2030: A new ITU-R Recommendation, containing the RITs for 6G tech-

nologies is planned for completion in 2030.

Each set of detailed specifications are continuously updated to reflect new developments

in the referenced detailed specifications, such as the 3GPP specifications for WCDMA

and LTE. Input to the updates is provided by the SDOs and the Partnership Projects,

nowadays primarily 3GPP.

2.2.2 IMT-2000 and IMT-Advanced
Work on what corresponds to third generation of mobile communication started in the

ITU-R in the 1980s. First referred to as Future Public Land Mobile Systems (FPLMTS) it

was later renamed IMT-2000. In the late 1990s, the work in ITU-R coincided with the

work in different SDOs across the world to develop a new generation of mobile systems.

Detailed specifications for IMT-2000 was first published in 2000 and includedWCDMA

from 3GPP as one of the RITs.

The next step for ITU-R was to initiate work on IMT-Advanced, the term used for

systems that include new radio interfaces supporting new capabilities of systems beyond

IMT-2000. The new capabilities were defined in a framework recommendation
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published by the ITU-R [39] and were demonstrated with the “van diagram” shown in

Fig. 2.2. The step into IMT-Advanced capabilities by ITU-R coincided with the step

into 4G, the next generation of mobile technologies after 3G.

An evolution of LTE as developed by 3GPP was submitted as one candidate technol-

ogy for IMT-Advanced. While actually being a new release (Release 10) of the LTE

specifications and thus an integral part of the continuous evolution of LTE, the candidate

was named LTE-Advanced for the purpose of ITU-R submission and this name is also

used in the LTE specifications from Release 10. In parallel with the ITU-R work, 3GPP

set up its own set of technical requirements for LTE-Advanced, with the ITU-R require-

ments as a basis [10].

The target of the ITU-R process is always harmonization of the candidates through

consensus building. ITU-R determined that two technologies would be included in the

first release of IMT-Advanced, those two being LTE-Advanced and WirelessMAN-

Advanced [35] based on the IEEE 802.16m specification. The two can be viewed as

the “family” of IMT-Advanced technologies. Note that, among these two technologies,

LTE has emerged as the dominating 4G technology by far.

2.2.3 5G and IMT-2020 in ITU-R WP5D
Starting in 2012, ITU-R WP5D set the stage for the next generation of IMT systems,

named IMT-2020. As a further development of the terrestrial component of IMT

beyond the year 2020, it corresponds to what is more commonly referred to as “5G”,

the fifth generation of mobile systems. The framework and objective for IMT-2020 is

outlined in ITU-R Recommendation M.2083 [45], often referred to as the “Vision”

recommendation. The recommendation provided the first step for defining the new
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Fig. 2.2 Illustration of capabilities of IMT-2000 and IMT-Advanced, based on the framework described
in ITU-R Recommendation M.1645 [39].
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developments of IMT, looking at the future roles of IMT and how it can serve society,

looking at market, user and technology trends, and spectrum implications. The user

trends for IMT together with the future role and market lead to a set of usage scenarios

envisioned for both human-centric andmachine-centric communication. The usage sce-

narios identified are Enhanced Mobile Broadband (eMBB), Ultra-Reliable and Low Latency

Communications (URLLC) and Massive Machine-Type Communications (mMTC).

The need for an enhanced mobile broadband experience, together with the new and

broadened usage scenarios, leads to an extended set of capabilities for IMT-2020. The

Vision recommendation [45] gave a first high-level guidance for IMT-2020 require-

ments by introducing a set of key capabilities, with indicative target numbers. The

key capabilities and the related usage scenarios are discussed further in Section 2.3.

As a parallel activity, ITU-RWP5D produced a report on “Future technology trends

of terrestrial IMT systems” [41], with a focus on the time period 2015–20. It covers trends
of IMT technology aspects by looking at the technical and operational characteristics of

IMT systems and how they are improved with the evolution of IMT technologies. In this

way, the report on technology trends relates to LTE in 3GPP Release 13 and beyond,

while the Vision recommendation looked further ahead and beyond 2020. A new aspect

considered for IMT-2020 is that it is capable of operating in potential new IMT bands

above 6GHz, including mm-wave bands.With this in mind,WP5D produced a separate

report studying radio wave propagation, IMT characteristics, enabling technologies, and

deployment in frequencies above 6GHz [42].

At WRC-15, potential new bands for IMT were discussed and an agenda item 1.13

was set up for WRC-19, covering possible additional allocations to the mobile services

and for future IMT development. These allocations were identified in a number of fre-

quency bands in the range between 24.25 and 86GHz. At WRC-19, several new bands

identified for IMT emerged as an outcome of agenda item 1.13. The specific bands and

their possible use globally are further discussed in Chapter 3.

After WRC-15, ITU-R WP5D continued the process of setting requirements and

defining evaluation methodologies for IMT-2020 systems, based on the Vision recom-

mendation [45] and the other previous study outcomes. This step of the process was com-

pleted in mid-2017, as shown in the IMT-2020 work plan in Fig. 2.3. The result was

three documents published late in 2017 that further define the performance and charac-

teristics for IMT-2020 and that is applied in the evaluation phase:

• Technical requirements: Report ITU-R M.2410 [49] defines 13 minimum

requirements related to the technical performance of the IMT-2020 radio interface(s).

The requirements are to a large extent based on the key capabilities set out in the

Vision recommendation [45]. This is further described in Section 2.3.

• Evaluation guideline: Report ITU-R M.2412 [48] defines the detailed methodol-

ogy to use for evaluating the minimum requirements, including test environments,

evaluation configurations, and channel models. More details are given in Section 2.3.
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• Submission template:Report ITU-R M.2411 [50] provides a detailed template to

use for submitting a candidate technology for evaluation. It also details the evaluation

criteria and requirements on service, spectrum and technical performance, based on

the two previously mentioned ITU-R reports M.2410 and M.2412.

External organizations were informed of the IMT-2020 process through a circular letter.

After a workshop on IMT-2020 was held in October 2017, the IMT-2020 process was

open for receiving candidate proposals. A total of seven candidates were submitted from

six proponents. These are presented in Section 2.3.4.

The work plan for IMT-2020 in Fig. 2.3 shows the complete timeline starting with

technology trends and “Vision” in 2014, continuing with the submission and evaluation

of proposals in 2018, and resulting in an outcome with the detailed specifications for

IMT-2020 published late in early 2021 [123].

2.2.4 IMT-2030 and ITU-R work towards 6G
The first steps towards the next generation were taken in ITU-RWP5D in 2021 and will

around the year 2030 lead to new detailed specifications for IMT-2030, more commonly

called 6G. The present time plan for IMT-2030 in ITU-R is detailed in Fig. 2.4 and

describes a process that has similar steps and targets as the one for IMT-2020. The main

difference is that the total time span is �3 years longer, giving more time to develop the

evaluation process including requirements, and for the final evaluation and consensus

building.

As a first step, a report on “Future technology trends of terrestrial IMT systems

towards 2030 and beyond” was published in 2022 [122]. The report first gives an over-

view of emerging services and applications for IMT, and then goes into more details of
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emerging general technology trends and enablers, continuing with specific technologies

to enhance the radio interface and the radio network.

The framework and objective for IMT-2030 will be outlined in a new ITU-R rec-

ommendation that is targeted for completion in 2023. It will cover motivation and soci-

etal considerations for IMT-2030, user and application trends, technology trends and

spectrum implications. It also describes an expanded set of usage scenarios and capabilities

for IMT-2030, where use cases are grouped in terms of the capabilities needed from the

system.

Based on the needed capabilities, continued work on the technical performance

requirements and evaluation criteria will continue after WRC-23, leading to submission

and evaluation of technology proposals to be completed after WRC-27, and resulting in

detailed specifications of IMT-2030 by the year 2030.

2.3 5G and IMT-2020

The detailed ITU-R process for developing IMT-2020 was presented above with the

most important steps summarized in Fig. 2.3. The ITU-R activities on IMT-2020

started with development of the “vision” recommendation ITU-R M.2083 [45], out-

lining the expected usage scenarios and corresponding required capabilities of

IMT-2020. This was followed by definition of more detailed requirements for

IMT-2020, requirements that candidate technologies are then to be evaluated against,

as documented in the evaluation guidelines. The requirements and evaluation guide-

lines were finalized mid-2017.
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Fig. 2.4 Work plan for IMT-2030 in ITU-R WP5D [124].

14 5G/5G-Advanced

https://t.me/learningnets



The candidate technologies submitted to ITU-Rwere evaluated both through a self-

evaluation by the proponent and by independent evaluation groups, based on the IMT-

2020 requirements. The technologies that fulfill the requirements are approved and

published as part of the IMT-2020 specifications [123]. Further details on the ITU-R

process can be found in Section 2.2.3.

2.3.1 Usage scenarios for IMT-2020
With a wide range of new use cases being one principal driver for 5G, ITU-R defined

three usage scenarios that form a part of the IMTVision recommendation [45]. Inputs from

the mobile industry and different regional and operator organizations were taken into the

IMT-2020 process in ITU-RWP5D, and were synthesized into the three scenarios:

• Enhanced Mobile Broadband (eMBB):With mobile broadband today being the

main driver for use of 3G and 4G mobile systems, this scenario points at its con-

tinued role as the most important usage scenario. The demand is continuously

increasing, and new application areas are emerging, setting new requirements for

what ITU-R calls Enhanced Mobile Broadband. Because of its broad and ubiquitous

use, it covers a range of use cases with different challenges, including both hotspots

and wide-area coverage, with the first one enabling high data rates, high user density

and a need for very high capacity, while the second one stresses mobility and a

seamless user experience, with lower requirements on data rate and user density.

The Enhanced Mobile Broadband scenario is in general seen as addressing human-

centric communication.

• Ultra-reliable and low latency communications (URLLC): This scenario is

intended to cover both human- and machine-centric communication, where the lat-

ter is often referred to as critical machine type communication (C-MTC). It is char-

acterized by use cases with stringent requirements for latency, reliability, and high

availability. Examples include vehicle-to-vehicle communication involving safety,

wireless control of industrial equipment, remote medical surgery, and distribution

automation in a smart grid. An example of a human-centric use case is 3D gaming

and “tactile internet,” where the low-latency requirement is also combined with very

high data rates.

• Massive machine type communications (mMTC): This is a pure machine-

centric use case, where the main characteristic is a very large number of connected

devices that typically have very sparse transmissions of small data volumes that are

not delay-sensitive. The large number of devices can give a very high connection den-

sity locally, but it is the total number of devices in a system that can be the real chal-

lenge and stresses the need for low cost. Due to the possibility of remote deployment of

mMTC devices, they are also required to have a very long battery lifetime.
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The usage scenarios are illustrated in Fig. 2.5, together with some example use cases. The

three scenarios above are not claimed to cover all possible use cases, but they provide a

relevant grouping of a majority of the presently foreseen use cases and can thus be used to

identify the key capabilities needed for the next generation radio interface technology for

IMT-2020. There will most certainly be new use cases emerging, which we cannot fore-

see today or describe in any detail. This also means that the new radio interface must have

a high flexibility to adapt to new use cases and the “space” spanned by the range of the key

capabilities supported should support the related requirements emerging from evolving

use cases.

2.3.2 Capabilities of IMT-2020
As part of developing the framework for IMT-2020 as documented in the IMT Vision

recommendation [45], ITU-R defined a set of capabilities needed for an IMT-2020 tech-

nology to support the 5G use cases and usage scenarios identified through the inputs from

regional bodies, research projects, operators, administrations and other organizations.

There is a total of 13 capabilities defined in ITU-R [45], where eight were selected as

key capabilities. Those eight key capabilities are illustrated through two “spider web” dia-

grams, see Figs. 2.6 and 2.7.

Gigabytes in a second

Smart home/building

Voice

Smart city

3D video, UHD screens

Work and play in the cloud

Augmented reality

Industry automation

Mission critical application

Self driving car

Massive machine type
communications

Ultra-reliable and low latency
communications

Enhanced mobile broadband

Future IMT

Fig. 2.5 IMT-2020 use cases and mapping to usage scenarios. From ITU-R, IMT Vision – Framework and
overall objectives of the future development of IMT for 2020 and beyond, Recommendation ITU-R M.2083,
September 2015, used with permission from the ITU.
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Fig. 2.6 illustrates the key capabilities together with indicative target numbers

intended to give a first high-level guidance for the more detailed IMT-2020 require-

ments that were later used for evaluation of candidate technologies. As can be seen

the target values are partly absolute and partly relative to the corresponding capabilities

of IMT-Advanced. The target values for the different key capabilities do not have to be

reached simultaneously and some targets are to a certain extent even mutually exclusive.

For this reason, there is a second diagram shown in Fig. 2.7 which illustrates the “impor-

tance” of each key capability for realizing the three high-level usage scenarios envisioned

by ITU-R.

Peak data rate is a number on which there is always a lot of focus, but it is in fact quite

an academic exercise. ITU-R defines peak data rate as the maximum achievable data rate

under ideal conditions, which means that the impairments in an implementation or the

actual impact from a deployment in terms of propagation, etc. does not come into play. It

is a dependent key performance indicator (KPI) in that it is heavily dependent on the amount

of spectrum available for an operator deployment. Apart from that, the peak data rate

depends on the peak spectral efficiency, which is the peak data rate normalized by the

bandwidth:

Peak data rate ¼ System bandwidth� Peak spectral efficiency

Since large bandwidths are really not available in any of the existing IMT bands below

6GHz, it is expected that really high data rates will be more easily achieved at higher

frequencies. This leads to the conclusion that the highest data rates can be achieved in

indoor and hotspot environments, where the less favorable propagation properties at

higher frequencies are of less importance.

The user experienced data rate is the data rate that can be achieved over a large coverage

area for a majority of the users. This can be evaluated as the 95th percentile from the

distribution of data rates between users. It is also a dependent capability, not only on

the available spectrum but also on how the system is deployed. While a target of 100

Mbit/s is set for wide area coverage in urban and suburban areas, it is expected that

5G systems could give 1Gbit/s data rate ubiquitously in indoor and hotspot

environments.

Spectrum efficiency gives the average data throughput per Hz of spectrum and per “cell,”

or rather per unit of radio equipment (also referred to as Transmission Reception Point,

TRP). It is an essential parameter for dimensioning networks, but the levels achieved

with 4G systems are already very high. The target for IMT-2020 was set to three times

the spectrum efficiency target of 4G, but the achievable increase strongly depends on the

deployment scenario.
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Area traffic capacity is another dependent capability, which depends not only on the

spectrum efficiency and the bandwidth available, but also on how dense the network

is deployed:

Area Traffic Capacity ¼ Spectrum efficiency � BW � TRP density

By assuming the availability of more spectrum at higher frequencies and that very

dense deployments can be used, a target of a 100-fold increase over 4G was set for

IMT-2020.

Network energy efficiency is, as already described, becoming an increasingly important

capability. The overall target stated by ITU-R is that the energy consumption of the

radio access network of IMT-2020 should not be greater than IMT networks deployed

today, while still delivering the enhanced capabilities. The target means that the network

energy efficiency in terms of energy consumed per bit of data therefore needs to be

reducedwith a factor at least as great as the envisaged traffic increase of IMT-2020 relative

to IMT-Advanced.

These first five key capabilities are of highest importance for the Enhanced Mobile

Broadband usage scenario, although mobility and the data rate capabilities would not

have equal importance simultaneously. For example, in hotspots, a very high user-

experienced and peak data rate, but a lower mobility, would be required than in wide

area coverage case.

The next key capability is latency, which is defined as the contribution by the

radio network to the time from when the source sends a packet to when the des-

tination receives it. It will be an essential capability for the URLLC usage scenario

and ITU-R envisions that a 10-fold reduction in latency from IMT-Advanced is

required.

Mobility is in the context of key capabilities only defined as mobile speed and the target

of 500 km/h is envisioned in particular for high-speed trains and is only a moderate

increase from IMT-Advanced. As a key capability, it will, however, also be essential

for the URLLC usage scenario in the case of critical vehicle communication at high speed

and will then be of high importance simultaneously with low latency. Note that high

mobility and high user-experienced data rates are not targeted simultaneously in the

usage scenarios.

Connection density is defined as the total number of connected and/or accessible

devices per unit area. The target is relevant for the mMTC usage scenario with a high

density of connected devices, but an eMBB dense indoor office can also give a high con-

nection density.

In addition to the eight capabilities given in Fig. 2.6 there are five additional capa-

bilities defined in [45]:
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• Spectrum and bandwidth flexibility:

Spectrum and bandwidth flexibility refers to the flexibility of the system design to han-

dle different scenarios, and in particular to the capability to operate at different fre-

quency ranges, including higher frequencies and wider channel bandwidths than in

previous generations.

• Reliability:

Reliability relates to the capability to provide a given service with a very high level of

availability.

• Resilience:

Resilience is the ability of the network to continue operating correctly during and

after a natural or man-made disturbance, such as the loss of mains power.

• Security and privacy:

Security and privacy refer to several areas such as encryption and integrity protection

of user data and signaling, as well as end user privacy preventing unauthorized user

tracking, and protection of network against hacking, fraud, denial of service, man

in the middle attacks, etc.

• Operational lifetime:

Operational life time refers to operation time per stored energy capacity. This is par-

ticularly important for machine-type devices requiring a very long battery life (for

example more than 10 years) whose regular maintenance is difficult due to physical

or economic reasons.

Note that these capabilities are not necessarily less important than the capabilities of

Fig. 2.6 despite the fact that the latter are referred to as “key capabilities”. The main dif-

ference is that the “key capabilities” are more easily quantifiable while the remaining five

capabilities are more of qualitative capabilities that cannot easily be quantified.

2.3.3 IMT-2020 performance requirements
Based on the usage scenarios and capabilities described in the Vision recommendation

[45], ITU-R developed a set of minimum technical performance requirements for

IMT-2020. These are documented in ITU-R report M.2410 [49] and served as the base-

line for the evaluation of IMT-2020 candidate technologies (see Fig. 2.3). The report

describes 14 technical parameters and the corresponding minimum requirements. These

are summarized in Table 2.1.

The evaluation guideline of candidate radio interface technologies for IMT2020 is

documented in ITU-R reportM.2412 [48] and follows the same structure as the previous

evaluation done for IMT-Advanced. It describes the evaluation methodology for the

14 minimum technical performance requirements, plus two additional requirements:

support of a wide range of services and support of spectrum bands.
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The evaluation is done with reference to five test environments that are based on the

usage scenarios from the Vision recommendation [45]. Each test environment has a num-

ber of evaluation configurations that describe the detailed parameters that are to be used in

simulations and analysis for the evaluation. The five test environments are:

• Indoor Hotspot-eMBB: An indoor isolated environment at offices and/or in shop-

ping malls based on stationary and pedestrian users with very high user density.

• DenseUrban-eMBB:An urban environment with high user density and traffic loads

focusing on pedestrian and vehicular users.

• Rural-eMBB: A rural environment with larger and continuous wide area coverage,

supporting pedestrian, vehicular and high speed vehicular users.

Table 2.1 Overview of minimum technical performance requirements for IMT-2020.

Parameter Minimum technical performance requirement

Peak data rate Downlink: 20Gbit/s

Uplink: 10Gbit/s

Peak spectral efficiency Downlink: 30bit/s/Hz

Uplink: 10bit/s/Hz

User experienced data rate Downlink: 100Mbit/s

Uplink: 50Mbit/s

5th percentile user

spectral efficiency

3� IMT-Advanced

Average spectral efficiency 3� IMT-Advanced

Area traffic capacity 10 Mbit/s/m2 (Indoor hotspot for eMBB)

User plane latency 4ms for eMBB

1ms for URLLC

Control plane latency 20ms

Connection density 1000000 devices per km2

Energy efficiency Related to two aspects for eMBB:

(a) Efficient data transmission in a loaded case

(b) Low energy consumption when there is no data

The technology shall have the capability to support a high sleep

ratio and long sleep duration.

Reliability 1–10�5 success probability of transmitting a layer 2 PDU

(Protocol Data Unit) of 32 bytes within 1ms, at coverage edge

in Urban Macro for URLLC

Mobility Normalized traffic channel data rates defined for 10, 30 and

120km/h at �1.5� IMT-Advanced numbers.

Requirement for High speed vehicular defined for 500km/h

(compared to 350km/h for IMT-Advanced).

Mobility interruption time 0ms

Bandwidth At least 100MHz and up to 1GHz in higher frequency bands.

Scalable bandwidth shall be supported.
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• Urban Macro–mMTC: An urban macro environment targeting continuous cover-

age focusing on a high number of connected machine type devices.

• Urban Macro–URLLC: An urban macro environment targeting ultra-reliable and

low latency communications.

There are three fundamental ways that requirements are evaluated for a candidate

technology:

• Simulation: This is the most elaborate way to evaluate a requirement and it involves

system- or link-level simulations, or both, of the radio interface technology. For

system-level simulations, deployment scenarios are defined that correspond to a set

of test environments, such as indoor, dense urban, etc. Requirements that are evalu-

ated through simulation are average and fifth percentile spectrum efficiency, connec-

tion density, mobility and reliability.

• Analysis: Some requirements can be evaluated through a calculation based on radio

interface parameters or be derived from other performance values. Requirements that

are evaluated through analysis are peak spectral efficiency, peak data rate, user expe-

rienced data rate, area traffic capacity, control and user plane latency, and mobility

interruption time.

• Inspection: Some requirements can be evaluated by reviewing and assessing the func-

tionality of the radio interface technology. Requirements that are evaluated through

inspection are bandwidth, energy efficiency, support of wide range of services and

support of spectrum bands.

Once candidate technologies are submitted to ITU-R and have entered the process, the

evaluation phase starts. Evaluation is done by the proponent (“self-evaluation”) or by an

external evaluation group, doing partial or complete evaluation of one or more candidate

proposals.

2.3.4 IMT-2020 candidates and evaluation
As shown in Fig. 2.3, the IMT-2020 work plan spanned over seven years and was com-

pleted in 2020. The details for submitting candidate technologies for IMT-2020 is

described in detail in the WP5D agreed process [92].

Submissions for candidates were either as an individual Radio Interface Technology

(RIT) or a Set of Radio Interface Technologies (SRIT). The following were the criteria

for submission, and defines what can be a RIT or SRIT in relation to the IMT-2020

minimum requirements:

• A RIT needs to fulfil the minimum requirements for at least three test environments;

two test environments under eMBB and one test environment under mMTC

or URLLC.

• An SRIT consists of a number of component RITs complementing each other, with

each component RIT fulfilling the minimum requirements of at least two test
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environments and together as an SRIT fulfilling the minimum requirements of at least

four test environments comprising the three usage scenarios.

A number of IMT-2020 candidates were submitted to the ITU-R up until the formal

deadline on 2 July 2019. Each submission contained characteristics template, compliance

template, link-budget template and self-evaluation report. A total of seven submissions

were made from six different proponents.

Based on the outcome of the evaluation and somemerging of proposals, the following

RIT/SRITwere included in the detailed specification ITU-R recommendationM.2150

[123], as updated in 2022:

• 3GPP 5G-SRIT: The SRIT from 3GPP consists of NR and LTE as component

RITs. Both the individual RIT components as well as the complete SRIT fulfils

the evaluation criteria above. The self-evaluation is contained in 3GPP TR

37.910 [93].

• 3GPP 5G-RIT: The RIT from 3GPP consists of NR. It fulfils all test environments

for all usage scenarios. The same self-evaluation document is used [93] as for the 3GPP

5G-SRIT

• 5Gi: The RIT from TSDSI is based on the 3GPP 5G NR technology, with a limited

set of changes applied to the specifications. An independent evaluation report was sub-

mitted for the RIT.

• DECT 5G-SRIT: The SRIT from ETSI/DECT Forum consists of DECT-2020 as

one component RIT and 3GPP 5G NR as a second component RIT. References are

made to the 3GPP NR submission and 3GPP self-evaluation in [93] for aspects related

to NR.

It should be noted that all of the final RIT/SRITs included are either based directly on

5G NR or have 5G NR as one component RIT.

An additional RITwas submitted consisting of the EnhancedUltra High Throughput

(EUHT) technology. After a final evaluation completed in 2022, it was concluded that

the candidate technology could not be declared as a qualified Radio Interface Technol-

ogy and it did therefore not go forward for inclusion in the detailed specifications.

2.4 3GPP standardization

With a framework for IMT systems set up by the ITU-R, with spectrum made available

by the WRC and with an ever-increasing demand for better performance, the task of

specifying the actual mobile-communication technologies falls on organizations like

3GPP. More specifically, 3GPP writes the technical specifications for 2G GSM, 3G

WCDMA/HSPA, 4G LTE and 5G NR. 3GPP technologies are the most widely

deployed in the world, with more than 95% of the world’s 9 billion mobile subscriptions

in 2022 [28]. In order to understand how 3GPP works, it is important to also understand

the process of writing specifications.
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2.4.1 The 3GPP process
Developing technical specifications for mobile communication is not a one-time job; it is

an ongoing process. The specifications are constantly evolving, trying to meet new

demands for services and features. The process is different in the different fora, but typ-

ically includes the four phases illustrated in Fig. 2.8:

• Requirements, where it is decided what is to be achieved by the specification.

• Architecture, where the main building blocks and interfaces are decided.

• Detailed specifications, where every interface is specified in detail.

• Testing and verification, where the interface specifications are proven to work with real-

life equipment.

These phases are overlapping and iterative. As an example, requirements can be added,

changed, or dropped during the later phases if the technical solutions call for it. Likewise,

the technical solution in the detailed specifications can change due to problems found in

the testing and verification phase.

The specification starts with the requirements phase, where it is decided what should be

achieved with the specification. This phase is usually relatively short.

In the architecture phase, the architecture is decided – that is, the principles of how to

meet the requirements. The architecture phase includes decisions about reference points

and interfaces to be standardized. This phase is usually quite long and may change the

requirements.

After the architecture phase, the detailed specification phase starts. It is in this phase that

the details for each of the identified interfaces are specified. During the detailed specifi-

cation of the interfaces, the standards body may find that previous decisions in the archi-

tecture or even in the requirements phases need to be revisited.

Finally, the testing and verification phase starts. It is usually not a part of the actual spec-

ification, but takes place in parallel through testing by vendors and interoperability testing

between vendors. This phase is the final proof of the specification. During the testing and

verification phase, errors in the specification may still be found and those errors may

change decisions in the detailed specification. Albeit not common, changes may also need

to be made to the architecture or the requirements. To verify the specification, products

are needed. Hence, the implementation of the products starts after (or during) the

detailed specification phase. The testing and verification phase ends when there are stable

Requirements Architecture Detailed 
specifications

Testing and 
verification

Fig. 2.8 The standardization phases and iterative process.
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test specifications that can be used to verify that the equipment is fulfilling the technical

specification.

Normally, it takes approximately one year from the time when the specification is

completed until commercial products are out on the market.

3GPP consists of three Technical Specifications Groups (TSGs) – see Fig. 2.9 – where

TSG RAN (Radio Access Network) is responsible for the definition of functions, require-

ments, and interfaces of the Radio Access. TSG RAN consists of six working groups

(WGs):

• RAN WG1, dealing with the physical layer specifications.

• RAN WG2, dealing with the layer 2 and layer 3 radio interface specifications.

• RANWG3, dealing with the fixed RAN interfaces – for example, interfaces between

nodes in the RAN – but also the interface between the RAN and the core network.

• RANWG4, dealing with the radio frequency (RF) and radio resource management (RRM)

performance requirements.
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Fig. 2.9 3GPP organization.
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• RAN WG 5, dealing with the device conformance testing.

• RAN AHG ITU, is a permanent ad hoc group that acts as a focal point to ensure a

proper flow of information and contributions between 3GPP and ITU-R

Until 2020, there was an additional group RAN WG6, dealing with standardization of

GSM/EDGE (previously in a separate TSG called GERAN) and HSPA (UTRAN). Any

remaining activity in those areas has become a direct TSG RAN responsibility. 3GPP

standardization activities are now focused on 4G and 5G.

The work in 3GPP is carried out with relevant ITU-R recommendations in mind and

the result of the work is also submitted to ITU-R as being part of IMT-2000,

IMT-Advanced, and now also part of IMT-2020. The organizational partners are obliged

to identify regional requirements that may lead to options in the standard. Examples are

regional frequency bands and special protection requirements local to a region. The spec-

ifications are developedwith global roaming and circulationof devices inmind.This implies

that many regional requirements in essencewill be global requirements for all devices, since

a roaming device has to meet the strictest of all regional requirements. Regional options in

the specifications are thus more common for base stations than for devices.

The specifications of all releases can be updated after each set of TSGmeetings, which

occur four times a year. The 3GPP documents are divided into releases, where each

release has a set of features added compared to the previous release. The features are

defined inWork Items agreed and undertaken by the TSGs. LTE is defined fromRelease

8 and onwards, where Release 10 of LTE is the first version approved by ITU-R as an

IMT-Advanced technology and is therefore also the first release named LTE-Advanced.

From Release 13, the marketing name for LTE is changed to LTE-Advanced Pro. An

overview of LTE is given in Chapter 4. Further details on the LTE radio interface

can be found in [26].

The first release for NR is in 3GPP Release 15, marketed under the name “5G”.

FromRelease 18, the marketing name for NR is changed to 5G-Advanced. An overview

of NR is given in Chapter 5, with further details throughout this book.

The 3GPP Technical Specifications (TS) are organized in multiple series and are

numbered TSXX.YYY, where XX denotes the number of the specification series

and YYY is the number of the specification within the series. The following series of

specifications define the radio access technologies in 3GPP:

• 25-series: Radio aspects for UTRA (WCDMA/HSPA)

• 45-series: Radio aspects for GSM/EDGE

• 36-series: Radio aspects for LTE, LTE-Advanced and LTE-Advanced Pro

• 37-series: Aspects relating to multiple radio access technologies

• 38-series: Radio aspects for NR (5G and 5G-Advanced)
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2.4.2 Specification of 5G in 3GPP as an IMT-2020 candidate
In parallel with the definition and evaluation of the next-generation access initiated in

ITU-R, 3GPP started to define the next-generation 3GPP radio access. A workshop

on 5G radio access was held in 2015 and a process to define the evaluation criteria for

5G was initiated with a second workshop in early 2016. The evaluation follows the same

process that was used when LTE-Advanced was evaluated and submitted to ITU-R and

approved as a 4G technology as part of IMT-Advanced. The evaluation and submission

of NR follows the ITU-R timeline described in Section 2.2.3.

The scenarios, requirements, and evaluation criteria to use for the new 5G radio

access are described in the 3GPP report TR 38.913 [94], which is in general aligned with

the corresponding ITU-R reports [48,49]. As for the case of the IMT-Advanced eval-

uation, the corresponding 3GPP evaluation of the next-generation radio access has a

larger scope and may have stricter requirements than the ITU-R evaluation of candidate

IMT-2020 radio interface technologies that is defined by ITU-R WP5D.

The standardization work for NR started with a study item phase in Release 14 and

continued with development of a first set of specifications through a work item in

Release 15. A first set of the Release 15 NR specifications was published in December

2017 and the full specifications were available in mid-2018. With the continuing work

on NR, Release16 specifications were published starting mid-2019. Further details on

the time plan and the content of the NR releases is given in Chapter 5.

3GPP made a first submission of NR as an IMT-2020 candidate to the ITU-R

WP5D meeting in February 2018. NR was submitted both as a RIT by itself and as

an SRIT (set of component RITs) together with LTE. The following candidates were

submitted, all including NR as developed by 3GPP:

• 3GPP submitted a candidate named “5G”, containing two submissions: the first sub-

mission was an SRIT containing two component RITs, these being NR and LTE.

The second submission was a separate RIT being NR.

• Korea submitted NR as a RIT, with reference to 3GPP.

• China submitted NR as a RIT, with reference to 3GPP.

Further submissions were made during 2018 and 2019 of characteristics templates, com-

pliance templates, link-budget templates and self-evaluation reports, as part of the process

described in Section 2.3.4. The self-evaluation performed by 3GP PTSG RAN is docu-

mented in 3GPP TR 37.910 [93].

During 2020, further inputs were made by 3GPP to ITU-RWP5D of as input to the

detailed specification for IMT-2020 being developed by the ITU-R. In the global spec-

ification for IMT-2020 published by ITU-R [123], the 3GPP submission is included as

3GPP 5G-SRIT and 3GPP 5G-RIT. See Section 2.3.4 for more details.
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CHAPTER 3

Spectrum for 5G

3.1 Spectrum for mobile systems

Historically, the bands for the first and second generation of mobile services were assigned

at frequencies around 800–900MHz, but also in a few lower and higher bands.When 3G

(IMT-2000) was rolled out, focus was on the 2GHz band and with the continued expan-

sion of IMT services with 3G and 4G, new bands were added at both lower and higher

frequencies, presently spanning from 450MHz to around 6GHz. While new, previously

unexploited, frequency bands are continuously defined for new mobile generations, the

bands used for previous generations are used for the new generation as well. This was the

case when 3G and 4G were introduced and it is also the case for 5G.

Bands at different frequencies have different characteristics. Due to the propagation

properties, bands at lower frequencies are good for wide area coverage deployments, in

urban, suburban and rural environments. Propagation properties of higher frequencies

make them more difficult to use for wide-area coverage and for this reason, higher

frequency bands have to a larger extent been used for boosting capacity in dense

deployments.

With the introduction of 5G, the demanding eMBB usage scenario and related new

services requires even higher data rates and high capacity in dense deployments. While

many early 5G deployments are in bands already used for previous mobile generations,

frequency bands above 24GHz are specified as a complement to the frequency bands

below 6GHz. With the 5G requirements for extreme data rates and localized areas with

very high area traffic capacity demands, deployment using even higher frequencies, even

above 60GHz, are being considered. Referring to the wavelength, these bands are often

called mm-wave bands.

New bands are defined continuously by 3GPP, both for NR and LTE specifications.

Many new bands are defined for NR operation only, which is always the case for mm-

wave operation. Both paired bands, where separated frequency ranges are assigned for

uplink and downlink, and unpaired bands with a single shared frequency range for uplink

and downlink, are included in the NR specifications. Paired bands are used for Fre-

quency Division Duplex (FDD) operation, while unpaired bands are used for Time

Division Duplex (TDD) operation. The duplex modes of NR are described further in

Chapter 7. Note that some unpaired bands are defined as Supplementary Downlink

(SDL) or Supplementary Uplink (SUL) bands. These bands are paired with the uplink

or downlink of other bands through carrier aggregation, as described in Section 7.6.
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3.1.1 Spectrum defined for IMT systems by the ITU-R
The ITU-R identifies frequency bands to use for mobile service and specifically for IMT.

Many of these were originally identified for IMT-2000 (3G) and new ones came with the

introduction of IMT-Advanced (4G). The identification is however technology and

generation “neutral,” since the identification is for IMT in general, regardless of gener-

ation or Radio Interface Technology. The global designations of spectrum for different

services and applications are done within the ITU-R and are documented in the ITU

Radio Regulations [46] and the use of IMT bands globally is described in ITU-R Rec-

ommendation M.1036 [44].

The frequency listings in the ITURadioRegulations [46] do not directly list a band for

IMT, but rather allocate a band for themobile servicewith a footnote stating that the band

is identified for use by administrations wishing to implement IMT. The identification is

mostly by region, but is in some cases also specified on a per-country level. All footnotes

mention “IMT” only, so there is no specific mentioning of the different generations of

IMT. Once a band is assigned, it is therefore up to the regional and local administrations

to define a band for IMT use in general or for specific generations. In many cases, regional

and local assignments are “technology neutral” and allow for any kind of IMT technology.

Thismeans that all existing IMTbands are potential bands for IMT-2020 (5G)deployment

in the same way as they have been used for previous IMT generations.

The World Administrative Radio Congress WARC-92 identified the bands 1885–2025
and 2110–2200MHz as intended for implementation of IMT-2000. Out of these

230MHz of 3G spectrum, 2�30MHz were intended for the satellite component of

IMT-2000 and the rest for the terrestrial component. Parts of the bands were used during

the 1990s for deployment of 2G cellular systems, especially in the Americas. The first

deployments of 3G in 2001–2002 in Japan and Europe were done in this band allocation,
and for that reason it is often referred to as the IMT-2000 “core band”.

Additional spectrum for IMT-2000 was identified at the World Radio-

communication Conferencea WRC-2000, where it was considered that an additional

need for 160MHz of spectrum for IMT-2000 was forecasted by the ITU-R. The iden-

tification includes the bands used for 2G mobile systems at 806–960 and 1710–
1885MHz, and “new” 3G spectrum in the bands at 2500–2690MHz. The identification

of bands previously assigned for 2G was also a recognition of the evolution of existing 2G

mobile systems into 3G. Additional spectrum was identified at WRC-07 for IMT,

encompassing both IMT-2000 and IMT-Advanced. The bands added were 450–470,
698–806, 2300–2400, and 3400–3600MHz, but the applicability of the bands varied

on a regional and national basis. At WRC-12 there were no additional spectrum alloca-

tions identified for IMT, but the issue was put on the agenda for WRC-15. It was also

a The World Administrative Radio Conference (WARC) was reorganized in 1992 and became the World

Radio-communication Conference (WRC).
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determined to study the use of the band 694–790MHz for mobile services in Region 1

(Europe, Middle East and Africa).

WRC-15 was an important milestone setting the stage for 5G. First a new set of bands

were identified for IMT, where many were identified for IMT on a global, or close to

global, basis:

• 470–694/698MHz (600MHz band): Identified for some countries in Americas and

the Asia-Pacific. For Region 1, it was considered for a new agenda item for IMT

at WRC-23.

• 694–790MHz (700MHz band): This band was identified fully for Region 1 and is

thereby a global IMT band.

• 1427–1518MHz (L-band): A new global band identified in all countries.

• 3300–3400MHz: Global band identified in many countries, but not in Europe or

North America

• 3400–3600MHz (C-band): A global band identified for all countries. The band was

already allocated in Europe.

• 3600–3700MHz (C-band): Global band identified in in many countries, but not in

Africa and some counties in Asia-Pacific. In Europe, the band has been available since

WRC-07.

• 4800–4990MHz: New band identified for a few countries in Asia-Pacific.

Especially the frequency range from 3300 to 4990MHz is of interest for 5G, since it is

new spectrum in higher frequency bands. This implies that it fits well with the new usage

scenarios requiring high data rates and is also suitable for massiveMIMO implementation,

where arrays with many elements can be implemented with reasonable size. Since it is

new spectrum with no widespread previous use for mobile systems, it is easier to assign

this spectrum in larger spectrum blocks, thereby enabling wider RF carriers and ulti-

mately higher end user data rates.

At WRC-15, an agenda item 1.13 was appointed for WRC-19, to identify high-

frequency bands above 24GHz for IMT. Based on the studies conducted by the

ITU-R following WRC-15, a set of new bands were identified for IMT at WRC-19,

targeting mainly IMT-2020 and 5G mobile services. The new bands were assigned to

the mobile service on a primary basis, in most bands together with fixed and satellite ser-

vices. They consist of a total of 13.5GHz in the following band ranges, where mobile

services now have a primary allocation:

• 24.25–27.5GHz

• 37–43.5GHz

• 45.5–47GHz

• 47.2–48.2
• 66–71GHz
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Specific technical conditions were agreed at WRC-19 for some of these bands, speci-

fically protection limits of the Earth Exploration Satellite Systems (EESS) in the fre-

quency ranges 23.6–24.0GHz and 36.0–37.0GHz were defined. The new bands are

illustrated in Fig. 3.1.

Agenda items were also created for the comingWRC-23 to consider further bands for

IMTidentification.The first twohave identification for IMTin somecountries and regions

asmentioned above, but further considerationwill nowbemade for those in other regions:

• 3300–3400MHz

• 3600–3800MHz,

• 6425–7025MHz

• 7025–7125MHz

• 10.0–10.5GHz

It should be noted that there are also a large number of other frequency bands identified

for mobile services, but not specifically for IMT. These bands are often used for IMT on a

regional or national basis.

The somewhat diverging arrangement between regions of the frequency bands

assigned to IMT means that there is not one single band that can be used for roaming

worldwide. Large efforts have, however, been put into defining a minimum set of bands

that can be used to provide truly global roaming. In this way, multiband devices can pro-

vide efficient worldwide roaming. With many of the new bands identified at WRC-15

andWRC-19 being global or close to global, global roaming is made possible for devices

using fewer bands and it also facilitates economy of scale for equipment and deployment.

3.1.2 Global spectrum situation for 5G
There is a considerable interest globally to make spectrum available for 5G deployments.

This is driven by operators and industry organizations such as the Global mobile

Suppliers Association [33] and DIGITALEUROPE [27], but is also supported by regu-

latory bodies in different countries and regions. In standardization, 3GPP has focused its

activities on bands where a high interest is evident (the full list of bands is in Section 3.2

below). The spectrum of interest can be divided into bands at low, medium, and high

frequencies:

Low frequency bands correspond to existing LTE bands below 2GHz, which are

suitable as a coverage layer, providing wide and deep coverage, including indoor. The

New bands identified for IMT

20 GHz 30 GHz 40 GHz 60 GHz 80 GHz

Fig. 3.1 New bands identified for IMT by WRC-19 are shown in blue (gray in print version).
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bands with highest interest here are the 600 and 700MHz bands, which correspond to

3GPP NR bands n12, n13, n14, n28, n71, n83 and n105 (see Section 3.2 for further

details). Since the bands are not very wide, a maximum of 20MHz channel bandwidth

is defined in the low frequency bands.

For early deployment, the 600MHz band is considered for NR in the US, while

the 700MHz band is defined as one of the so-called pioneer bands for Europe. In addi-

tion, a number of additional LTE bands in the below 2GHz range are identified for

possible “re-farming” and have been assigned NR band numbers. Since the bands are

in general already deployed with LTE, NR is expected to be deployed gradually at a

later stage.

Medium frequency bands are in the range 2–6GHz and can provide coverage,

capacity, as well as high data rates through the wider channel bandwidth possible.

The highest interest globally is in the range 3300–4200MHz, where 3GPP has desig-

nated NR bands n77 and n78. Due to the wider bands, channel bandwidths up to

100MHz are possible. Up to 200MHz per operator may be assigned in this frequency

range in the longer term, where carrier aggregation could then be used to deploy the

full bandwidth.

The range 3300–4200MHz is of global interest, with some variations seen regionally;

and 3400–3800MHz is a pioneer band in Europe, while China and India are planning for

3300–3600MHzand in Japan3600–4200MHz is considered. Similar frequency ranges are

considered in North America (3550–3700MHz and initial discussions about 3700–
4200MHz), Latin America, the Middle East, Africa, India, Australia, etc. A total of

45countries signed up to the IMT identification of the 3300–3400MHz band at

WRC-15. There is also a large amount of interest for a higher band in China (primarily

4800–5000MHz) and Japan (4400–4900MHz). In addition, there are a number of poten-

tial LTE refarming bands in the 2–6GHz range that have been identified as NR bands.

In the range 5125–5925MHz and 5925–7125MHz, bands are defined for unlicensed

operation with NR-U, see also Chapter 20.

High frequency bands are in the mm-wave range above 24GHz. They will be best

suited for hotspot coverage with locally very high capacity and can provide very high data

rates. The highest interest is in the range 24.25–29.5GHz, with 3GPP NR bands n257

and n258 assigned. Channel bandwidths up to 400MHz are defined for these bands, with

even higher bandwidths possible through carrier aggregation.

The mmWave frequency range is new for IMT deployment as discussed above. The

band 27.5–28.35GHz was identified at an early stage in the US, while 24.25–27.5GHz,

also called the “26GHz band”, is a pioneer band for Europe. Different parts of the larger

range 24.25–29.5GHz are being considered globally. The range 27.5–29.5GHz is

the first range considered for Japan and 26.5–29.5GHz in Korea. Overall, this band

can be seen as global with regional variations. The range 37–40GHz is also defined in

the US and similar ranges around 40GHz are considered in many other regions too,

including China.
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There are not yet any frequency bands identified for IMT in the frequency range from

6 to 24GHz. There is however now an agenda item for WRC-23 to consider the band

10–10.5GHz and there are also some regional and national consideration for other bands

in this range. 3GPP has made a thorough technical study in Release 16 [106] of howNR

can be implemented for operation in the bands 7–24GHz.

For the frequency range 57–71GHz is, NR-U operation is available in unlicensed

spectrum as band n263, see also Chapter 20.

3.2 Frequency bands for NR

5G NR can be deployed both in existing IMT bands used by 3G UTRA and 4G LTE,

in the new bands defined for IMT at WRC-19 and in bands that may be identified at

future WRC, or in regional bodies. The possibility of operating a radio-access technol-

ogy in different frequency bands is a fundamental aspect of global mobile services. Most

2G, 3G, 4G and 5G devices are multiband capable, covering bands used in the different

regions of the world to provide global roaming. From a radio-access functionality per-

spective, this has limited impact and the physical layer specifications such as those for

NR do not assume any specific frequency band. Since NR however spans such a vast

range of frequencies, there are certain provisions that are intended only for certain fre-

quency ranges. This includes how the different NR numerologies can be applied (see

Chapter 7).

While many RF requirements are band agnostic, some are specified with different

requirements across bands. This is certainly the case for NR, but also for previous gen-

erations. Examples of RF requirements that may be band specific are the allowed max-

imum transmit power, requirements/limits on out-of-band (OOB) emission and

receiver blocking levels. Reasons for such differences are varying external constraints,

often imposed by regulatory bodies, in other cases differences in the operational environ-

ment that are considered during standardization.

The differences between bands are more pronounced for NR due to the very wide

frequency range. For NR operation in the new mm-wave bands above 24GHz, both

devices and base stations will be implemented with partly novel technology and there

will be a more widespread use of massive MIMO, beam forming and highly integrated

advanced antenna systems. This creates differences in how RF requirements are defined,

how they are measured for performance assessment and ultimately also what limits are

set for the requirements. Frequency bands in 3GPP are for this reason divided into

frequency ranges:

• Frequency range 1 (FR1) includes all existing bands in the range 410–7125MHz.

• Frequency range 2 (FR2) includes bands in the range 24.25–71GHz and is divided

into two subranges, FR2-1 (24.25–52.6GHz) and FR2-2 (52.6–71GHz).
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These frequency ranges may be extended or complemented with new ranges in future

3GPP releases. The impact of the frequency ranges on the RF requirements is further

discussed in Chapter 28.

The frequency bands where NR will operate are in both paired and unpaired spec-

trum, requiring flexibility in the duplex arrangement. For this reason, NR supports both

FDD and TDD operation. Some ranges are also defined for SDL or SUL. These features

are further described in Section 7.7.

3GPP defines operating bands, where each operating band is a frequency range for

uplink and/or downlink that is specified with a certain set of RF requirements. The oper-

ating bands are each associated with a number.When the same frequency range is defined

as an operating band for different radio access technologies, the same number is used, but

written in a different way. 4G LTE bands are written with Arabic numerals (1, 2, 3, etc.),

while 3G UTRA bands are written with Roman numerals (I, II, II, etc.). LTE operating

bands that are used with the same arrangement for NR are often referred to as “LTE

re-farming bands.”

Release 17 of the 3GPP specifications for NR includes 61 operating bands in fre-

quency range 1 and seven in frequency range 2. The bands for NR are assigned numbers

from n1 to n512 using the following rules:

• For NR in LTE refarming bands, the LTE band numbers are reused for NR, just add-

ing an “n”.

• New bands for NR are assigned the following numbers:

• The range n65 to n256 is reserved for NR bands in frequency range 1 (some of these

bands can be used for LTE in addition)

• The range n257 to n512 is reserved for new NR bands in frequency range 2

The scheme “conserves” band numbers and is backward compatible with LTE (and

UTRA) and does not lead to any new LTE numbers above 256, which is the present

maximumpossible. Any newLTE-only bands can also be assigned unused numbers below

65. In release 17, the operating bands in frequency range 1 are in the range n1 to n104 as

shown in Table 3.1. The bands in frequency range 2 are in the range from n257 to n263, as

shown in Table 3.2. All bands for NR are summarized in Figs. 3.2–3.5, which also show
the corresponding frequency allocation defined by the ITU-R.

Some of the frequency bands are partly or fully overlapping. In most cases this is

explained by regional differences in how the bands defined by the ITU-R are implemen-

ted. At the same time, a high degree of commonality between the bands is desired to

enable global roaming. Originating in global, regional, and local spectrum developments,

a first set of bands was specified as bands for UTRA. The complete set of UTRA bands

was later transferred to the LTE specifications in 3GPP Release 8. Additional bands have

been added in later releases. In release 15, many of the LTE bands were transferred to the

NR specifications.
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Table 3.1 Operating bands defined by 3GPP for NR in Frequency range 1 (FR1).

NR
band

Uplink range
(MHz)

Downlink range
(MHz)

Duplex
mode Main region(s)

n1 1920–1980 2110–2170 FDD Europe, Asia

n2 1850–1910 1930–1990 FDD Americas (Asia)

n3 1710–1785 1805–1880 FDD Europe, Asia (Americas)

n5 824–849 869–894 FDD Americas, Asia

n7 2500–2570 2620–2690 FDD Europe, Asia

n8 880–915 925–960 FDD Europe, Asia

n12 699–716 729–746 FDD US

n13 777–787 746–756 FDD US

n14 788–798 758–768 FDD US

n18 815–830 860–875 FDD Japan

n20 832–862 791–821 FDD Europe

n24 1626.5–1660.5 1525–1559 FDD US

n25 1850–1915 1930–1995 FDD Americas

n26 814–849 859–894 FDD

n28 703–748 758–803 FDD Asia/Pacific

n29 N/A 717–728 N/A Americas

n30 2305–2315 2350–2360 FDD Americas

n34 2010–2025 2010–2025 TDD Asia

n38 2570–2620 2570–2620 TDD Europe

n39 1880–1920 1880–1920 TDD China

n40 2300–2400 2300–2400 TDD Europe, Asia

n41 2496–2690 2496–2690 TDD US, China

n46 5150–5925 5150–5925 TDD (NR-U)

n48 3550–3700 3550–3700 TDD US

n50 1432–1517 1432–1517 TDD Europe

n51 1427–1432 1427–1432 TDD Europe

n53 2483.5–2495 2483.5–2495 TDD

n54 1670–1675 1670–1675 TDD

n65 1920–2010 2110–2200 FDD Europe

n66 1710–1780 2110–2200 FDD Americas

n67 N/A 738–758 SDL

n70 1695–1710 1995–2020 FDD Americas

n71 663–698 617–652 FDD Americas

n74 1427–1470 1475–1518 FDD Japan

n75 N/A 1432–1517 SDL Europe

n76 N/A 1427–1432 SDL Europe

n77 3300–4200 3300–4200 TDD Europe, Asia
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Table 3.1 Operating bands defined by 3GPP for NR in Frequency range 1 (FR1)—cont’d

NR
band

Uplink range
(MHz)

Downlink range
(MHz)

Duplex
mode Main region(s)

n78 3300–3800 3300–3800 TDD Europe, Asia

n79 4400–5000 4400–500 TDD Asia

n80 1710–1785 N/A SUL

n81 880–915 N/A SUL

n82 832–862 N/A SUL

n83 703–748 N/A SUL

n84 1920–1980 N/A SUL

n85 698–716 728–746 FDD

n86 1710–1780 N/A SUL Americas

n89 824–849 N/A SUL

n90 2496–2690 2496–2690 TDD US

n91 832–862 1427–1432 FDD

n92 832–862 1432–1517 FDD

n93 880–915 1427–1432 FDD

n94 880–915 1432–1517 FDD

n95 2010–2025 N/A SUL

n96 5925–7125 5925–7125 TDD (NR-U)

n97 2300–2400 N/A SUL

n98 1880–1920 N/A SUL

n99 1626.5–1660.5 N/A SUL

n100 874.4–880 919.4–925 FDD

n101 1900–1910 1900–1910 TDD

n102 5925–6425 5925–6425 TDD3 (NR-U)

n104 6425–7125 6425–7125 TDD

Table 3.2 Operating bands defined by 3GPP for NR in frequency range 2 (FR2).

NR band Uplink and downlink range (MHz) Duplex mode Main region(s)

n257 26,500–29,500 TDD Asia, Americas, (global)

n258 24,250–27,500 TDD Europe, Asia, (global)

n259 39,500–43,500 TDD Global

n260 37,000–40,000 TDD Americas, (global)

n261 27,500–28,350 TDD Americas

n262 47,200–48,200 TDD

n263 57,000–71,000 TDD (NR-U)
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Fig. 3.2 Operating bands specified in 3GPP Release 17 for NR below 1GHz (in FR1), shown with the corresponding ITU-R allocation. Not fully
drawn to scale.
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CHAPTER 4

LTE overview

The focus of this book is NR, the new 5G radio access. Nevertheless, a brief overview of

LTE as background to the coming chapters is relevant. One reason is that both LTE and

NR have been developed by 3GPP and hence have a common background and share

several technology components. Many of the design choices in NR are also based on

experience from LTE. For a detailed description of LTE see [26].

The work on LTE was initiated in late 2004 with the overall aim of providing a new

radio-access technology focusing on packet-switched data only. The first release of the

LTE specifications, release 8, was completed in 2009 and commercial network operation

began in late 2009. Release 8 has been followed by subsequent LTE releases, introducing

additional functionality and capabilities in different areas, as illustrated in Fig. 4.1.

Releases 10 and 13 are particularly interesting. Release 10 is the first release of LTE

Advanced, and release 13, finalized in early 2016, is the first release of LTE Advanced

Pro. Note that neither of these two names imply a break of backward compatibility.

Rather they represent steps in the evolution where the amount of new features was con-

sidered large enough to merit a new name. Currently, as of this writing, 3GPP has com-

pleted release 17 and is working on release 18. The main focus in these releases is on NR,

but there are also some enhancements related to massive machine-type communication

for LTE-derived technologies.

4.1 LTE release 8 – Basic radio access

Release 8 is the first LTE release and forms the basis for all the following LTE releases. In

parallel with the LTE radio access scheme, a new core network, the Evolved Packet Core

(EPC) was developed [60].

One important requirement imposed on the LTE development was spectrum flex-

ibility. A range of carrier bandwidths up to and including 20MHz is supported for carrier

frequencies from below 1GHz up to around 3GHz. One aspect of spectrum flexibility is

the support of both paired and unpaired spectrum using Frequency-Division Duplex

(FDD) and Time-Division Duplex (TDD), respectively, with a common design albeit

two different frame structures. The focus of the development work was primarily

wide-area macro networks with above-rooftop antennas and relatively large cells. For

TDD, the uplink-downlink allocation is therefore in essence static with the same uplink-

downlink allocation across all cells.
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The basic transmission scheme in LTE is orthogonal frequency-division multiplexing

(OFDM). This is an attractive choice due to its robustness to time dispersion and ease

of exploiting both the time and frequency domain. Furthermore, it also allows for rea-

sonable receiver complexity also in combination with spatial multiplexing (MIMO)

which is an inherent part of LTE. Since LTE was primarily designed with macro net-

works in mind with carrier frequencies up to a few GHz, a single subcarrier spacing

of 15kHz and a cyclic prefix of approximately 4.7μsa was found to be a good choice.

In total 1200 subcarriers are used in a 20MHz spectrum allocation.

For the uplink, where the available transmission power is significantly lower than for

the downlink, the LTE design settled for a scheme with a low peak-to-average ratio to

provide a high power-amplifier efficiency. DFT-precoded OFDM, with the same

numerology as in the downlink, was chosen to achieve this. A drawback with DFT-

precodedOFDM is the larger complexity on the receiver side, but given that LTE release

8 does not support spatial multiplexing in the uplink this was not seen as a major problem.

In the time domain, LTE organizes transmissions into 10ms frames, each consisting of

ten 1ms subframes. The subframe duration of 1ms, which corresponds to 14 OFDM

symbols, is the smallest schedulable unit in LTE.

Cell-specific reference signals is a cornerstone in LTE. The base station continuously

transmits one or more reference signals (one per layer), regardless of whether there are

downlink data to transmit or not. This is a reasonable design for the scenarios which LTE

was designed for—relatively large cells with many users per cell. The cell-specific

reference signals are used for many functions in LTE: downlink channel estimation

for coherent demodulation, channel-state reporting for scheduling purposes, correction

of device-side frequency errors, initial access, and mobility measurements to mention just

a few. The reference signal density depends on the number of transmission layers set up in

a cell, but for the common case of 2�2 MIMO, every third subcarrier in four out of 14

OFDM symbols in a subframe are used for reference signals. Thus, in the time domain

there are around 200μs between reference signal occasions, which limits the possibilities

to switch off the transmitter to reduce power consumption.

Data transmission in LTE is primarily scheduled on a dynamic basis in both uplink and

downlink. To exploit the typically rapidly varying radio conditions, channel-dependent
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Fig. 4.1 LTE and its evolution.

a There is also a possibility for 16.7μs extended cyclic prefix but that option is rarely used in practice.
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scheduling can be used. For each 1-ms subframe, the scheduler controls which devices are

to transmit or receive and in what frequency resources. Different data rates can be selected

by adjusting the code rate of the Turbo code as well as varying the modulation

scheme from QPSK up to 64-QAM. To handle transmission errors, fast hybrid ARQ

with soft combining is used in LTE. Upon downlink reception the device indicates

the outcome of the decoding operation to the base station, which can retransmit erro-

neously received data blocks.

The scheduling decisions are provided to the device through the Physical Downlink

Control Channel (PDCCH). If there are multiple devices scheduled in the same sub-

frame, which is a common scenario, there are multiple PDCCHs, one per scheduled

device. The first up to three OFDM symbols of the subframe are used for transmission

of downlink control channels. Each control channel spans the full carrier bandwidth,

thereby maximizing the frequency diversity. This also implies that all devices must sup-

port the full carrier bandwidth up to the maximum value of 20MHz. Uplink control

signaling from the devices, for example hybrid-ARQ acknowledgments and channel-

state information for downlink scheduling, is carried on the Physical Uplink Control

Channel (PUCCH), which has a basic duration of 1ms.

Multi-antenna schemes, and in particular single-user MIMO, are integral parts of

LTE. A number of transmission layers are mapped to up to four antennas by means of

a precoder matrix of size NA�NL, where the number of layers NL, also known as the

transmission rank, is less than or equal to the number of antennas NA. The transmission

rank, as well as the exact precoder matrix, can be selected by the network based on

channel-status measurements carried out and reported by the terminal, also known as

closed-loop spatial multiplexing. There is also a possibility to operate without closed-loop

feedback for precoder selection. Up to four layers is possible in the downlink although

commercial deployments often use only two layers. In the uplink only single-layer trans-

mission is possible.

In case of spatial multiplexing, by selecting rank-1 transmission, the precoder matrix,

which then becomes an NA�1 precoder vector, performs a (single-layer) beamforming

function. This type of beamforming can more specifically be referred to as codebook-

based beamforming as the beamforming can only be done according to a limited set

of predefined beamforming (precoder) vectors.

Using the basic features discussed above, LTE release 8 is in theory capable of pro-

viding peak data rates up to 150Mbit/s in the downlink using two-layer transmission in

20MHz and 75Mbit/s in the uplink. Latency-wise LTE provides 8ms roundtrip time in

the hybrid-ARQ protocol and (theoretically) less than 5ms one-way delay in the LTE

RAN. In practical deployments, including transport and core network processing, an

overall end-to-end latency of some 10ms is not uncommon in well-deployed networks.

Release 9 added some smaller enhancements to LTE such as multicast/broadcast sup-

port, positioning, and some multi-antenna refinements.
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4.2 LTE evolution

Release 8 and 9 form the foundation of LTE, providing a highly capable mobile-

broadband standard. However, to meet new requirements and expectations, the releases

following the basic ones provide additional enhancements and features in different areas.

Fig. 4.2 illustrates some of the major areas in which LTE has evolved over the more

than 10years since its introduction with details provided in the following. Additional

information about each release can be found in the release descriptions which 3GPP

prepares for each new release.

Release 10 marks the start of the LTE evolution. One of the main targets of LTE

release 10 was to ensure that the LTE radio-access technology would be fully compliant

with the IMT-Advanced requirements, thus the name LTE Advanced is often used for

LTE release 10 and later. However, in addition to the ITU requirements, 3GPP also

defined its own targets and requirements for LTE Advanced [10]. These targets/require-

ments extended the ITU requirements both in terms of being more aggressive as well as

including additional requirements. One important requirement was backward compat-

ibility. Essentially this means that an earlier-release LTE device should be able to access a

carrier supporting LTE release-10 functionality, although obviously not being able to

utilize all the release-10 features of that carrier. The principle of backward compatibility

is important and has been kept for all LTE releases, but also imposes some restrictions on

the enhancements possible; restrictions that are not present when defining a new standard

such as NR.

Spectrum Flexibility
Carrier Aggregation, New Frequency Bands, …

Multi-antenna techniques
MIMO, CoMP, …

Densification
Local-area access, Heterogeneous deployments, …

New scenarios
Device-to-Device Communication, V2V/V2X, sTTI, remote-
controlled drones, massive machine-type communication, …

Device Enhancements
Receiver improvements,…

LTE
Rel-8/9

Rel-11

Rel-12

Rel-10

Rel-13

Rel-14

Rel-15

Fig. 4.2 LTE evolution.
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LTE release 10 was completed in early 2011 and introduced enhanced LTE spectrum

flexibility through carrier aggregation, further extended multiantenna transmission,

support for relaying, and improvements around intercell interference coordination in

heterogeneous network deployments.

Release 11 further extended the performance and capabilities of LTE. One of the

most notable features of LTE release 11, finalized in late 2012, is radio-interface func-

tionality for coordinated multi-point (CoMP) transmission and reception. Other examples

of improvements in release-11 are carrier-aggregation enhancements, a new control-

channel structure, and performance requirements for more advanced device receivers.

Release 12 was completed in 2014 and focused on small cells with features such as dual

connectivity, small-cell on/off, and (semi-)dynamic TDD, as well as on new scenarios

with introduction of direct device-to-device communication and provisioning of

complexity-reduced devices targeting massive machine-type communication.

Release 13, finalized at the end of 2015, marks the start of LTE Advanced Pro. It is

sometimes in marketing dubbed 4.5G and seen as an intermediate technology step

between 4G defined by the first releases of LTE and the 5G NR air interface. License-

assisted access to support unlicensed spectra as a complement to licensed spectra,

improved support for machine-type communication, and various enhancements in car-

rier aggregation, multi-antenna transmission, and device-to-device communication are

some of the highlights from release 13. Massive machine-type communication support

was further enhanced and the narrow-band internet-of-things (NB-IoT) technology was

introduced.

Release 14 was completed in the spring of 2017. Apart from enhancements to some of

the features introduced in earlier releases, for example enhancements to operation in

unlicensed spectra, it introduced support for vehicle-to-vehicle (V2V) and vehicle-to-

everything (V2X) communication, as well as wide-area broadcast support with a reduced

subcarrier spacing. There are also a set of mobility enhancements in release 14, in par-

ticular make-before-break handover and RACH-less handover to reduce the handover

interruption time for devices with dual receiver chains.

Release 15 was completed in the middle of 2018. Significantly reduced latency

through the so-called sTTI feature, as well as communication using aerials are two exam-

ples of enhancements in this release. The support for massive machine-type communi-

cation has been continuously improved over several release and release 15 also included

enhancements in this area.

Release 16, completed at the end of 2019, brought enhancements in multi-antenna

support with increased uplink sounding capacity, enhanced support for terrestrial broad-

cast services, and even further enhancements to massive machine-type communication.

Improved mobility through enhanced make-before-break handover, also known as dual

active protocol stack (DAPS), was introduced where the device maintains the source-cell

radio link (including data flow) while establishing the target-cell radio link. Conditional
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handover can also be configured, where device-initiated handover to a set of preconfi-

gured cells is triggered by rules configured by the network. In general, expanding LTE to

new use cases beyond traditional mobile broadband has been in focus for the later releases

and the evolution will continue also in the future. This is also an important part of 5G

overall and exemplifies that LTE remains important and a vital part of the overall 5G radio

access.

Release 17, completed at the end of 2021, contained a smaller amount of LTE

enhancements as 3GPP primarily focused on the NR evolution. Massive machine-type

communication over satellites and a set of new bandwidths for LTE-based broadcast are

the main areas.

4.3 Spectrum flexibility

Already the first release of LTE provides a certain degree of spectrum flexibility in terms

of multi-bandwidth support and a joint FDD/TDDdesign. In later releases this flexibility

was considerably enhanced to support higher bandwidths and fragmented spectra using

carrier aggregation and access to unlicensed spectra as a complement using license-assisted

access (LAA).

4.3.1 Carrier aggregation
As mentioned earlier, the first release of LTE already provided extensive support for

deployment in spectrum allocations of various characteristics, with bandwidths ranging

from roughly 1MHz up to 20MHz in both paired and unpaired bands.With LTE release

10 the transmission bandwidth can be further extended by means of carrier aggregation

(CA), where multiple component carriers are aggregated and jointly used for transmission

to/from a single device. Up to five component carriers, possibly each of different band-

width, can be aggregated in release 10, allowing for transmission bandwidths up to

100MHz. All component carriers need to have the same duplex scheme and, in the case

of TDD, the same uplink-downlink configuration. In later releases, these restrictions

were relaxed. The number of component carriers possible to aggregate was increased

to 32, resulting in a total bandwidth of 640MHz. Backward compatibility was ensured

as each component carrier uses the release-8 structure. Hence, to a release-8/9 device

each component carrier will appear as an LTE release-8 carrier, while a carrier-

aggregation-capable device can exploit the total aggregated bandwidth, enabling higher

data rates. In the general case, a different number of component carriers can be aggregated

for the downlink and uplink. This is an important property from a device complexity

point-of-viewwhere aggregation can be supported in the downlink where very high data

rates are needed without increasing the uplink complexity.

Component carriers do not have to be contiguous in frequency, which enables

exploitation of fragmented spectra; operators with a fragmented spectrum can provide
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high-data-rate services based on the availability of a wide overall bandwidth even though

they do not possess a single wideband spectrum allocation.

From a baseband perspective, there is no difference between the cases in Fig. 4.3 and

they are all supported by LTE release 10. However, the RF-implementation complexity

is vastly different with the first case being the least complex. Thus, although carrier aggre-

gation is supported by the basic specifications, not all devices will support it. Further-

more, release 10 has some restrictions on carrier aggregation in the RF specifications,

compared to what has been specified for physical layer and related signaling, while in later

releases there is support for carrier-aggregation within and between a much larger num-

ber of frequency bands.

Release 11 provided additional flexibility for aggregation of TDD carriers. Prior to

release 11, the same downlink-uplink allocation was required for all the aggregated car-

riers. This can be unnecessarily restrictive in the case of aggregation of different bands as

the configuration in each band may be given by coexistence with other radio access tech-

nologies in that particular band. An interesting aspect of aggregating different downlink-

uplink allocations is that the device may need to receive and transmit simultaneously in

order to fully utilize both carriers. Thus, unlike previous releases, a TDD-capable device

may, similar to an FDD-capable device, need a duplex filter. Release 11 also saw the

introduction of RF requirements for inter-band and non-contiguous intra-band aggre-

gation, as well as support for an even larger set of inter-band aggregation scenarios.

Release 12 defined aggregations between FDD and TDD carriers, unlike earlier

releases that only supported aggregation within one duplex type. FDD-TDD aggregation

allows for efficient utilization of an operator’s spectrum assets. It can also be used to

improve the uplink coverage of TDD by relying on the possibility for continuous uplink

transmission on the FDD carrier.

Release 13 increased the number of carriers possible to aggregate from 5 to 32, result-

ing in a maximum bandwidth of 640MHz and a theoretical peak data rate around

Intra-band aggregation,
contiguous component carriers

Intra-band aggregation,
non-contiguous component carriers

Inter-band aggregation

Frequency band A Frequency band B

Fig. 4.3 Carrier aggregation.
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25Gbit/s in the downlink. The main motivation for increasing the number of subcarriers

is to allow for very large bandwidths in unlicensed spectra as will be further discussed in

conjunction with license-assisted access below.

Carrier aggregation is one of the most successful enhancements of LTE to date with

new combinations of frequency band added in every release.

4.3.2 License-assisted access
Originally, LTE was designed for licensed spectra where an operator has an exclusive

license for a certain frequency range. A licensed spectrum offers many benefits since

the operator can plan the network and control the interference situation, but there is typ-

ically a cost associated with obtaining the spectrum license and the amount of licensed

spectrum is limited. Therefore, using unlicensed spectra as a complement to offer higher

data rates and higher capacity in local areas is of interest. One possibility is to complement

the LTE network with Wi-Fi, but higher performance can be achieved with a tighter

coupling between licensed and unlicensed spectra. LTE release 13 therefore introduced

license-assisted access, where the carrier-aggregation framework is used to aggregate down-

link carriers in unlicensed frequency bands, primarily in the 5GHz range, with carriers in

licensed frequency bands as illustrated in Fig. 4.4. Mobility, critical control signaling and

services demanding high quality-of-service rely on carriers in the licensed spectra while

(parts of) less demanding traffic can be handled by the carriers using unlicensed spectra.

Operator-controlled small-cell deployments is the target. Fair sharing of the spectrum

resources with other systems, in particular Wi-Fi, is an important characteristic of

LAA which therefore incudes a listen-before-talk mechanism. In release 14, license-

assisted access was enhanced to address also uplink transmissions and in release 15, further

enhancements in the area of autonomous uplink transmissions were added. Although the

LTE technology standardized in 3GPP supports license-assisted access only, where a

Primary Carrier
Licensed Spectrum

Secondary Carrier
Unlicensed Spectrum

Fig. 4.4 License-assisted access.
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licensed carrier is needed, there has been work outside 3GPP in the MulteFire alliance

resulting in a stand-alone mode-of-operation based on the 3GPP standard.

4.4 Multi-antenna enhancements

Multi-antenna support has been enhanced over the different releases, increasing the

number of transmission layers in the downlink to eight and introducing uplink spatial

multiplexing of up to four layers. Full-dimension MIMO and two-dimensional beam-

forming are other enhancements, as is the introduction of coordinated multipoint

transmission.

4.4.1 Extended multi-antenna transmission
In release 10, downlink spatial multiplexing was expanded to support up to eight trans-

mission layers. This can be seen as an extension of the release-9 dual-layer beamforming

to support up to eight antenna ports and eight corresponding layers. Together with the

support for carrier aggregation this enables downlink data rates up to 3Gbit/s in 100MHz

of spectrum in release 10, increased to 25Gbit/s in release 13 using 32 carriers, eight

layers spatial multiplexing, and 256QAM.

Uplink spatial multiplexing of up to four layers was also introduced as part of LTE

release 10. Together with the possibility for uplink carrier aggregations this allows for

uplink data rates up to 1.5Gbit/s in 100MHz of spectrum. Uplink spatial multiplexing

consists of a codebook-based scheme under the control of the base station, which means

that the structure can also be used for uplink transmitter-side beamforming.

An important consequence of the multi-antenna extensions in LTE release 10 was the

introduction of an enhanced downlink reference-signal structure that more extensively sep-

arated the function of channel estimation and the function of acquiring channel-state

information. The aim of this was to better enable novel antenna arrangements and

new features such as more elaborate multi-point coordination/transmission in a

flexible way.

In release-13, and continued in release 14, improved support for massive antenna

arrays was introduced, primarily in terms of more extensive feedback of channel-state

information. The larger degrees of freedom can be used for, for example, beamforming

in both elevation and azimuth and massive multi-user MIMOwhere several spatially sep-

arated devices are simultaneously served using the same time-frequency resource. These

enhancements are sometimes termed full-dimensionMIMO and form a step into massive

MIMO with a very large number of steerable antenna elements. Further enhancements

were added in release 16 where the capacity and coverage of the uplink sounding refer-

ence signals were improved to better address massive MIMO for TDD-based LTE

deployments.
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4.4.2 Multi-point coordination and transmission
The first release of LTE included specific support for coordination between transmission

points, referred to as Inter-Cell Interference Coordination (ICIC), to control the interference

between cells. However, the support for such coordination was significantly expanded as

part of LTE release 11 including the possibility for much more dynamic coordination

between transmission points.

In contrast to release 8 ICIC, which was limited to the definition of certain messages

between base stations to assist (relatively slow) scheduling coordination between cells, the

release 11 activities focused on radio-interface features and device functionality to assist

different coordination means, including the support for channel-state feedback for mul-

tiple transmission points. Jointly these features and functionality go under the nameCoor-

dinated Multi Point (CoMP) transmission/reception. Refinement to the reference-signal

structure was also an important part of the CoMP support, as was the enhanced control-

channel structure introduced as part of release 11, see below.

Support for CoMP includes multi-point coordination – that is, when transmission to a

device is carried out from one specific transmission point but where scheduling and link

adaptation are coordinated between the transmission points, as well as multi-point trans-

mission in which case transmission to a device can be carried out from multiple transmis-

sion points either in such a way that transmission can switch dynamically between

different transmission points (Dynamic Point Selection) or be carried out jointly from mul-

tiple transmission points (Joint Transmission), see Fig. 4.5.

A similar distinction can be made for uplink where one can distinguish between

(uplink) multi-point coordination and multi-point reception. In general, uplink CoMP

is mainly a network implementation issue and has very little impact on the device and

very little visibility in the radio-interface specifications.

The CoMPwork in release 11 assumed ‘ideal’ backhaul, in practice implying central-

ized baseband processing connected to the antenna sites using low-latency fiber connec-

tions. Extensions to relaxed backhaul scenarios with non-centralized baseband processing

were introduced in release 12. These enhancements mainly consisted of defining newX2

messages between base stations for exchanging information about so-called CoMP

hypotheses, essentially a potential resource allocation, and the associated gain/cost.

Coordinated Beamforming Dynamic Point Selection Joint Transmission

Fig. 4.5 Different types of CoMP.
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4.4.3 Enhanced control channel structure
In release 11, a new complementary control channel structure was introduced to support

inter-cell interference coordination and to exploit the additional flexibility of the new

reference-signal structure not only for data transmission, which was the case in release

10, but also for control signaling. The new control-channel structure can thus be seen

as a prerequisite for many CoMP schemes, although it is also beneficial for beamforming

and frequency-domain interference coordination as well. It is also used to support

narrow-band operation for MTC enhancements in release 12 and onward.

4.5 Densification, small cells, and heterogeneous deployments

Small cells and dense deployments have been in focus for several releases as means to pro-

vide very high capacity and data rates. Relaying, small-cell on/off, dynamic TDD, and

heterogeneous deployments are some examples of enhancements over the releases.

License-assisted access, discussed in Section 4.3.2, is another feature primarily targeting

small cells.

4.5.1 Relaying
In the context of LTE, relaying implies that the device communicates with the network

via a relay node that is wirelessly connected to a donor cell using the LTE radio-interface tech-

nology (see Fig. 4.6). From a device point of view, the relay node will appear as an ordi-

nary cell. This has the important advantage of simplifying the device implementation and

making the relay node backward compatible – that is, LTE release-8/9 devices can also

access the network via the relay node. In essence, the relay is a low-power base station

wirelessly connected to the remaining part of the network.

4.5.2 Heterogeneous deployments
Heterogeneous deployments refer to deployments with a mixture of network nodes with

different transmit power and overlapping geographical coverage (Fig. 4.7). A typical

example is a pico node placed within the coverage area of a macro cell. Although such

deployments were already supported in release 8, release 10 introduced new means to

Relay cellDonor cell

Fig. 4.6 Example of relaying.
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handle the inter-layer interference that may occur between, for example, a pico layer and

the overlaid macro. The multi-point-coordination techniques introduced in release 11

further extend the set of tools for supporting heterogeneous deployments. Enhancements

to improve mobility between the pico layer and the macro layer were introduced in

release 12.

4.5.3 Small-cell on-off
In LTE, cells are continuously transmitting cell-specific reference signals and broadcast-

ing system information, regardless of the traffic activity in the cell. One reason for this is to

enable idle-mode devices to detect the presence of a cell; if there are no transmissions

from a cell there is nothing for the device to measure upon and the cell would therefore

not be detected. Furthermore, in a large macro-cell deployment there is a relatively high

likelihood of at least one device being active in a cell motivating continuous transmission

of reference signals.

However, in a dense deployment with many relatively small cells, the likelihood of

not all cells having devices to serve at a certain point in time can be relatively high in some

scenarios. The downlink interference scenario experienced by a device may also be more

severe with devices experiencing very low signal-to-interference ratios due to interfer-

ence from neighboring, potentially empty, cells, especially if there is a large amount of

line-of-sight propagation. To address this, release 12 introduced mechanisms for turning

on/off individual cells as a function of the traffic situation to reduce the average inter-cell

interference and reduce power consumption.

4.5.4 Dual connectivity
Dual connectivity implies a device is simultaneously connected to two cells at different

sites, see Fig. 4.8, as opposed to the baseline case with the device connected to a single site

only. User-plane aggregation where the device is receiving data transmission from mul-

tiple sites, separation of control and user planes, and uplink-downlink separation where

downlink transmissions originate from a different site than the uplink reception site are

some examples of the potential benefits with dual connectivity. To some extent it can be

seen as carrier aggregation extended to the case of non-ideal backhaul. The dual

Fig. 4.7 Example of heterogeneous deployment with low-power nodes inside macro cells.
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connectivity framework has also turned out to be useful for integrating other radio-access

schemes such as WLAN into 3GPP networks. It is also essential for NR when operating

in non-standalone mode with LTE providing mobility and initial access as will be

described in the following chapters.

4.5.5 Dynamic TDD
In TDD, the same carrier frequency is shared in the time domain between uplink and

downlink. The fundamental approach to this in LTE, as well as in many other TDD sys-

tems, is to statically split the resources into uplink and downlink. Having a static split is a

reasonable assumption in larger macro cells as there are multiple users and the aggregated

per-cell load in uplink and downlink is relatively stable. However, with an increased

interest in local-area deployments, TDD is expected to become more important

compared to the situation for wide-area deployments to date. One reason is unpaired

spectrum allocations being more common in higher frequency bands less suitable for

wide-area coverage. Another reason is that many problematic interference scenarios in

wide-area TDD networks are not present with below-rooftop deployments of small

nodes. An existing wide-area FDD network could be complemented by a local-area layer

using TDD, typically with low output power per node, to boost capacity and data rates.

To better handle the high traffic dynamics in a local-area scenario, where the number

of devices transmitting to/receiving from a local-area access node can be very small,

dynamic TDD is beneficial. In dynamic TDD, the network can dynamically use

resources for either uplink or downlink transmissions to match the instantaneous traffic

situation, which leads to an improvement of the end-user performance compared to the

conventional static split of resources between uplink and downlink. To exploit these

benefits, LTE release 12 includes support for dynamic TDD, or enhanced Interference Mit-

igation and Traffic Adaptation (eIMTA) as it the official name for this feature in 3GPP.

4.5.6 WLAN interworking
The 3GPP architecture allows for integrating non-3GPP access, for exampleWLAN but

also cdma2000 [12]. Essentially, these solutions connect the non-3GPP access to the EPC

and are thus not visible in the LTE radio-access network. One drawback of this way of

Master cell Secondary cell

non-ideal backhaul

To/from core network

Fig. 4.8 Example of dual connectivity.
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WLAN interworking is the lack of network control; the device may select Wi-Fi even if

staying on LTE would provide a better user experience. One example of such a situation

is when the Wi-Fi network is heavily loaded while the LTE network enjoys a light load.

Release 12 therefore introduced means for the network to assist the device in the selec-

tion procedure. Basically, the network configures a signal-strength threshold controlling

when the device should select LTE or Wi-Fi.

Release 13 provided further enhancements in WLAN interworking with more

explicit control from the LTE RAN on when a device should use Wi-Fi and when

to use LTE. Furthermore, release 13 also includes LTE-WLAN aggregation where

LTE and WLAN are aggregated at the PDCP level using a framework very similar to

dual connectivity. Additional enhancements were introduced in release 14.

4.6 Device enhancements

Fundamentally, a device vendor is free to design the device receiver in any way as long as

it supports the minimum requirements defined in the specifications. There is an incentive

for the vendors to provide significantly better receivers as this could be directly translated

into improved end-user data rates. However, the networkmay not be able to exploit such

receiver improvements to their full extent as it might not know which devices have sig-

nificantly better performance. Network deployments therefore need to be based on the

minimum requirements. Defining performance requirements for more advanced

receiver types to some extent alleviates this as the minimum performance of a device

equipped with an advanced receiver is known. Both releases 11 and 12 saw a lot of focus

on receiver improvements with cancellation of some overhead signals in release 11 and

more generic schemes in release 12, including network-assisted interference cancellation

(NAICS) where the network can provide the devices with information assisting inter-cell

interference cancellation.

4.7 New scenarios

LTEwas originally designed as a mobile broadband system, aiming at providing high data

rates and high capacity over wide areas. The evolution of LTE has added features improv-

ing capacity and data rates, but also enhancements making LTE highly relevant also for

new use cases. Massive machine-type communication, where a large number of low-cost

devices, for example sensors, are connected to a cellular network is a prime example of

this. Operation in areas without network coverage, for example in a disaster area, is

another example, resulting in support for device-to-device commination being included

in LTE. V2V/V2X and remote-controlled drones are yet other examples of new

scenarios.
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4.7.1 Machine-type communication
Machine-type communication (MTC) is a very wide term, basically covering all types

of communication between machines. Although spanning a wide range of different

applications, many of which are yet unknown, MTC applications can be divided into

two main categories, massive MTC and ultra-reliable low-latency communication

(URLLC).

Examples of massive MTC scenarios are different types of sensors, actuators, and sim-

ilar devices. These devices typically have to be of very low cost and have very low energy

consumption enabling very long battery life. At the same time, the amount of data gen-

erated by each device is normally very small and very low latency is not a critical require-

ment. URLLC, on the other hand, corresponds to applications such as traffic safety/

control or wireless connectivity for industrial processes, and in general scenarios where

very high reliability and availability is required, combined with low latency.

To better support massive MTC, the 3GPP specifications provide two parallel and

complementing technologies – eMTC and NB-IoT.

Addressing the MTC area started with release 12 and the introduction of a new, low-

end device category, category 0, supporting data rates up to 1Mbit/s. A power-save

mode for reduced device power consumption was also defined. These enhancements

are often referred to as enhancedMTC (eMTC) or LTE-M.Release 13 further improved

the MTC support by defining category-M1 with enhanced coverage and support for

1.4MHz device bandwidth, irrespective of the system bandwidth, to further reduce

device cost. From a network perspective these devices are normal LTE devices, albeit

with limited capabilities, and can be freely mixed with more capable LTE devices on

a carrier. The eMTC technology has been evolved further in subsequent releases to

improve spectral efficiency and to reduce the amount of control signaling.

Narrow-band Internet-of-Things (NB-IoT) is a parallel track starting in release 13. It

targets even lower cost and data rates than category-M1, 250kbit/s or less, in a bandwidth

of 180kHz, and even further enhanced coverage. Thanks to the use of OFDM with

15kHz subcarrier spacing, it can be deployed inband on top of an LTE carrier, outband

in a separate spectrum allocation, or in the guard bands of LTE, providing a high degree

of flexibility for an operator. In the uplink, transmission on a single tone is supported to

obtain very large coverage for the lowest data rates. NB-IoT uses the same family of

higher-layer protocols (MAC, RLC, and PDCP) as LTE, with extensions for faster con-

nection setup applicable to both NB-IoT and eMTC, and can therefore easily be inte-

grated into existing deployments.

Both eMTC andNB-IoT have been evolving over several releases and play an impor-

tant role in 5G networks for massive machine-type communication. With the introduc-

tion of NR, the broadband traffic will gradually shift from LTE to NR. However,

massive machine-type communication is expected to rely on eMTC and NB-IoT for
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many years to come. Special means for deploying NRon top of an already existing carrier

used for massive machine-type communication has therefore been included (see

Chapter 18). Furthermore, the focus of the LTE evolution in release 17 was primarily

on massive machine-type communication, confirming the trend for the last few releases.

In release 17, NTN support is introduced for eMTC and NB-IoT, that is, connecting

these devices via satellites, support that is further improved in release 18.

Improved support for URLLC has been added in the later LTE releases. Examples

hereof are the sTTI feature (see below) and the general work on the reliability part of

URLLC in release 15.

4.7.2 Latency reduction – sTTI
In release 15, work on reducing the overall latency has been carried out, resulting in the

so-called short TTI (sTTI) feature. The target with this feature is to provide very low

latency for use cases where this is important, for example factory automation. It uses sim-

ilar techniques as used in NR, such as a transmission duration of a few OFDM symbols

and reduced device processing delay, but incorporated in LTE in a backward-compatible

manner. This allows for low-latency services to be included in existing networks, but also

implies certain limitations compared to a clean-slate design such as NR.

4.7.3 Device-to-device communication
Cellular systems, such as LTE, are designed assuming that devices connect to a base sta-

tion to communicate. In most cases this is an efficient approach as the server with the

content of interest is typically not in the vicinity of the device. However, if the device

is interested in communicating with a neighboring device, or just detecting whether

there is a neighboring device that is of interest, the network-centric communication

may not be the best approach. Similarly, for public safety, such as a first responder officer

searching for people in need in a disaster situation, there is typically a requirement that

communication should also be possible in the absence of network coverage.

To address these situations, release 12 introduced network-assisted device-to-device

communication using parts of the uplink spectrum (Fig. 4.9). Two scenarios were

NW control

Device-based
relaying

Out-of-coverage

Fig. 4.9 Device-to-device communication.
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considered when developing the device-to-device enhancements, in coverage as well as

out-of-coverage communication for public safety, and in coverage discovery of

neighboring devices for commercial use cases. In release 13, device-to-device commu-

nication was further enhanced with relaying solutions for extended coverage. The

device-to-device design also served as the basis for the V2V and V2X work in release 14.

4.7.4 V2V and V2X
Intelligent transportation systems (ITSs) refer to services to improve traffic safety and

increase efficiency. Examples are vehicle-to-vehicle communication for safety, for exam-

ple to transmit messages to vehicles behind when the car in front breaks. Another exam-

ple is platooning where several trucks drive very close to each other and follow the first

truck in the platoon, thereby saving fuel and reducing CO2 emissions. Communication

between vehicles and infrastructure is also useful, for example to obtain information

about the traffic situation, weather updates, and alternative routes in case of congestion

(Fig. 4.10).

In release 14, 3GPP specified enhancements in this area, based on the device-to-device

technologies introduced in release 12 and quality-of-service enhancements in the network.

Using the same technology for communication both between vehicles and between vehi-

cles and infrastructure is attractive, both to improve the performance but also to

reduce cost.

4.7.5 Aerials
The work on aerials in release 15 covers communication via a drone acting as a relay to

provide cellular coverage in an otherwise non-covered area, but also remote control of

drones for various industrial and commercial applications. Since the propagation condi-

tions between the ground and an airborne drone are different than in a terrestrial net-

work, new channel models were developed as part of release 15. The interference

V2V for safety

V2P for safety

V2V for platooning

V2P for information

V2I for safety, information, …

Fig. 4.10 Illustration of V2V and V2X.
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situation for a drone is different than for a device on the ground due to the larger number

of base stations visible to the drone, calling for interference-mitigation techniques such as

beamforming as well as enhancements to the power-control mechanism.

4.7.6 Multicast/broadcast
Multimedia Broadcast Multicast Services (MBMS), where the same content can be delivered

simultaneously to several devices with a single transmission, has been part of LTE since

release 9. The focus of release 9 was support for single-frequency networks using the

original LTE subcarrier spacing of 15kHz where the same signal is transmitted across

multiple cells in a semi-static and coordinated manner, sometimes referred to as Multi-

media Broadcast Single-Frequency Network (MBSFN).

In release 13, an additional mode, single-cell point-to-multipoint (SC-PTM)was added as

a complement toMBSFN for services of interest in a single cell only. All transmissions are

dynamically scheduled but instead of targeting a single device, the same transmission is

received by multiple devices simultaneously.

To improve the support for broadcast-only MBSFN carriers over larger areas, an

additional numerology of 1.25kHz to obtain a longer cyclic prefix was introduced in

release 14. This is formally known as enhanced MBMS (eMBMS) but sometimes also

referred to as LTE broadcast. Further enhancements, known as LTE-based 5G terrestrial

broadcast, were added in release 16. Additional subcarrier spacing of 2.5kHz and 0.37kHz

with a corresponding cyclic prefix of 100μs and 400μs were introduced, thereby sup-

porting transmission over very wide areas in high-power/high-tower scenarios. In

release 17, support for bandwidths of 6, 7, and 8MHz were added.
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CHAPTER 5

NR overview

The technical work on NR was initiated in the spring of 2016 as a study item in 3GPP

release 14, based on a kick-off workshop in the fall of 2015, see Fig. 5.1. During the study

item phase, different technical solutions were studied, but given the tight time schedule,

some technical decisions were taken already in this phase. The work continued into a

work item phase in release 15, resulting in the first version of the NR specifications avail-

able by the end of 2017, before the closure of 3GPP release 15 in mid-2018. The reason

for the intermediate release of the specifications, before the end of release 15, was to meet

commercial requirements on early 5G deployments in some markets.

The first specification from December 2017 is limited to non-standalone NR oper-

ation (see Chapter 6), implying that NR devices rely on LTE for initial access and mobil-

ity. The final release 15 specifications support stand-alone NR operation as well. The

difference between stand-alone and non-stand-alone primarily affects higher layers

and the interface to the core network; the basic radio technology is the same in both cases.

Once release 15 was completed, more features have been added to NR in subsequent

releases to improve performance and to address new use cases and deployment scenarios.

Of the releases following the introduction of NR, release 18 is particularly interesting as it

marks the start of 5G-Advanced. This name does not imply a break in backwards com-

patibility – release 18 is no different of any other NR release in this respect. Rather, the

amount of functionality added since release 15 was considered large enough to motivate a

new name for marketing reasons.

In parallel to the work on the NR radio-access technology, a new 5G core network

was developed in 3GPP, responsible for functions not related to the radio access but

needed for providing a complete network. However, it is possible to connect the NR

radio-access network also to the legacy LTE core network known as the Evolved Packet

Core (EPC). In fact, this is the case when operating NR in non-stand-alone mode where

LTE and EPC handle functionality like connection establishment and mobility, and NR

primarily provides a data-rate and capacity booster.

The remaining part of this chapter provides an overview of NR radio access including

basic design principles and the most important technology components of NR release 15,

as well as the evolution of NR in release 16 and onwards. The chapter can either be read

on its own to get a high-level overview of NR, or as an introduction to the subsequent

Chapters 6–29 which provide a detailed description of NR.
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5.1 NR basics in release 15

NR release 15 is the first version of NR. During the development, the focus was primar-

ily on eMBB and (to some extent) URLLC services. For massive machine-type commu-

nication (mMTC), LTE-derived technologies such as eMTC andNB-IoT [26,55] can be

used with excellent results. The support for LTE-derived massive MTC on a carrier

overlapping with an NR carrier has been accounted for in the design of NR (see

Chapter 18) resulting in an integrated overall system capable of handling a very wide

range of services.

Compared to LTE, NR provides many benefits. Some of the main ones are:

• exploitation of much higher frequency bands as a mean to obtain additional spectra to

support very wide transmission bandwidths and the associated high data rates;

• ultra-lean design to enhance network energy performance and reduce interference;

• forward compatibility to prepare for future, yet unknown use cases and technologies;

• low latency to improve performance and enable new use cases; and

• a beam-centric design enabling extensive usage of beamforming and a massive number

of antenna elements not only for data transmission (which to some extent is possible in

LTE) but also for control-plane procedures such as initial access.

The first three can be classified as design principles (or requirements on the design) and

will be discussed first, followed by a discussion of the key technology components applied

to NR.

5.1.1 Higher-frequency operation and spectrum flexibility
One key feature of NR is a substantial expansion in terms of the range of spectra in which

the radio-access technology can be deployed. Unlike LTE, where support for licensed

spectra at 3.5GHz and unlicensed spectra at 5GHz were added at a relatively late stage,

NR supports licensed-spectrum operation from below 1GHz up to 52.6GHza already

from its first release, with extension to unlicensed spectra in release 16 and the upper fre-

quency limit extened to 71GHz in release 17.

a The upper limit of 52.6GHz is due to some very specific spectrum situations.

2018 2019 2020 2021 2022 2023 20242015 2016 2017
Rel-13 Rel-17 Rel-18Rel-16Rel-15

NSA SA5G workshop

Rel-14

IMT-2020 
requirements

IMT-2020 
proposals

IMT-2020 
specITU

3GPP

Fig. 5.1 3GPP timeline.
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Operation at higher frequencies in the mm-wave band offers the possibility for

large amounts of spectrum and associated very wide transmission bandwidths, thereby

enabling very high traffic capacity and extreme data rates. However, higher frequencies

are also associated with higher radio-channel attenuation, limiting the network cover-

age. Although this can partly be compensated for by means of advanced multiantenna

transmission/reception, which is one of the motivating factors for the beam-centric

design in NR, a substantial coverage disadvantage remains, especially in non-line-

of-sight and outdoor-to-indoor propagation conditions. Thus, operation in lower-

frequency bands will remain a vital component for wireless communication also in

the 5G era. Especially, joint operation in lower and higher spectra, for example

2GHz and 28GHz, can provide substantial benefits. A higher-frequency layer, with

access to a large amount of spectra, can provide service to a large fraction of the users

despite the more limited coverage. This will reduce the load on the more bandwidth-

constrained lower-frequency spectrum, allowing the use of this to focus on the worst-

case users [62].

Another challenge with operation in higher frequency bands is the regulatory aspects.

For non-technical reasons, the rules defining the allowed radiation changes around

6GHz, from a SAR-based limitation to a more EIRP-like limitation. Depending on

the device type (handheld, fixed, etc), this may result in a reduced transmission power,

making the link budget more challenging than what propagation conditions alone may

indicate and further stressing the benefit of combined low-frequency/high-frequency

operation.

5.1.2 Ultra-lean design
An issue with current mobile-communication technologies is the amount of transmis-

sions carried by network nodes regardless of the amount of user traffic. Such signals,

sometimes referred to as “always-on” signals, include, for example, signals for base-

station detection, broadcast of system information, and always-on reference signals for

channel estimation. Under the typical traffic conditions for which LTE was designed,

such transmissions constitute only a minor part of the overall network transmissions

and thus have relatively small impact on the network performance. However, in very

dense networks deployed for high peak data rates, the average traffic load per network

node can be expected to be relatively low, making the always-on transmissions a more

substantial part of the overall network transmissions.

The always-on transmissions have two negative impacts:

• they impose an upper limit on the achievable network energy performance; and

• they cause interference to other cells, thereby reducing the achievable data rates.

The ultra-lean-design principle aims at minimizing the always-on transmissions, thereby

enabling higher network energy performance and higher achievable data rates.
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In comparison, the LTE design is heavily based on cell-specific reference signals, sig-

nals that a device can assume are always present and use for channel estimation, tracking,

mobility measurements, and so on. In NR, many of these procedures have been revisited

and modified to account for the ultra-lean design principle. For example, the cell-search

procedures have been redesigned in NR compared to LTE to support the ultra-lean par-

adigm. Another example is the demodulation reference-signal structure where NR relies

heavily on reference signals being present only when data are transmitted but not

otherwise.

5.1.3 Forward compatibility
An important aim in the development of the NR specification was to ensure a high

degree of forward compatibility in the radio-interface design. In this context, forward

compatibility implies a radio-interface design that allows for substantial future evolu-

tion, in terms of introducing new technology and enabling new services with yet

unknown requirements and characteristics, while still supporting legacy devices on

the same carrier.

Forward compatibility is inherently difficult to guarantee. However, based on expe-

rience from the evolution of previous generations, 3GPP agreed on some basic design

principles related to NR forward compatibility as quoted from [3]:

• Maximizing the amount of time and frequency resources that can be flexibly utilized or that can

be left blank without causing backward compatibility issues in the future;

• Minimizing transmission of always-on signals;

• Confining signals and channels for physical layer functionalities within a configurable/allocable

time/frequency resource.

According to the third bullet one should, as much as possible, avoid having transmissions

on time/frequency resources fixed by the specification. In this way one retains flexibility

for the future, allowing for later introduction of new types of transmissions with limited

constraints from legacy signals and channels. This differs from the approach taken in LTE

where, for example, a synchronous hybrid-ARQ protocol is used, implying that a

retransmission in the uplink occurs at a fixed point in time after the initial transmission.

The control channels are also vastly more flexible in NR compared to LTE in order not

to unnecessarily block resources.

Note that these design principles partly coincide with the aim of ultra-lean

design as described here. There is also a possibility in NR to configure reserved

resources, that is, time-frequency resources that, when configured, are not used

for transmission and thus available for future radio-interface extensions. The same

mechanism is also used for LTE-NR coexistence in case of overlapping LTE and

NR carriers.
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5.1.4 Transmission scheme, bandwidth parts, and frame structure
Similar to LTE [26], OFDM was found to be a suitable waveform for NR due to its

robustness to time dispersion and ease of exploiting both the time and frequency domains

when defining the structure for different channels and signals. However, unlike LTE

where DFT-precoded OFDM is the sole transmission scheme in the uplink, NR uses

conventional, that is, non-DFT-precoded OFDM as the baseline uplink transmission

scheme due to the simpler receiver structures in combination with spatial multiplexing

and an overall desire to have the same transmission scheme in both uplink and downlink.

Nevertheless, DFT-precoding can be used as a complement in the uplink for similar rea-

sons as in LTE, namely to enable high power-amplifier efficiency on the device side by

reducing the cubic metric [57]. Cubic metric is a measure of the amount of additional

power back-off needed for a certain signal waveform.

To support a wide range of deployment scenarios, from large cells with sub-1 GHz

carrier frequency up to mm-wave deployments with very wide spectrum allocations, NR

supports a flexible OFDM numerology with subcarrier spacings ranging from 15kHz up

to 960kHz (in release 15 and 16, the maximum subcarrier spacing in 240kHz) with a

proportional change in cyclic prefix duration. A small subcarrier spacing has the benefit

of providing a relatively long cyclic prefix in absolute time at a reasonable overhead while

higher subcarrier spacings are needed to handle, for example, the increased phase noise at

higher carrier frequencies and to support wide bandwidths with a reasonable number of

subcarriers. Up to 3300 subcarriers are used, resulting in maximum carrier bandwidths of

50/100/200/400/1600/2000MHz for subcarrier spacings of 15/30/60/120/480/

960kHz, respectively. Note that, for the largest subcarrier spacing of 960kHz, not all

3300 subcarriers are used (in theory a carrier bandwidth of 3200MHzwould be possible).

If larger bandwidths than what is possible to support with one carrier are needed, carrier

aggregation can be used.

Although the NR physical-layer specification is band-agnostic, not all supported

numerologies are relevant for all frequency bands. For each frequency band, radio

requirements are therefore defined for a subset of the supported numerologies as illus-

trated in Fig. 5.2. The frequency range 0.45–7.125GHz is commonly referred to as

Subcarrier spacing
Max carrier bandwidth

Subcarrier spacing
Max carrier bandwidth

15/30/60kHz
50/100/200 MHz

Spectrum allocations identified for NR

60/120/480/960 kHz
200/400/1600/2000 MHz

Frequency Range 2Frequency Range 1

100 GHz30 GHz10 GHz3 GHz1 GHz
617 MHz 7.125 GHz 24.25 GHz 71 GHz450 MHz

Fig. 5.2 Spectrum identified for NR and corresponding subcarrier spacings.
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frequency range 1 (FR1)b in the specifications while the range 24.25–71GHz is known as

FR2. With the extension of FR2 up to 71GHz in release 17, FR2 is sometimes divided

into FR2-1 covering the original 24.25–52.6GHz range and FR2-2 for the 52.6–
71GHz range. Currently, there is no NR spectrum identified between 7.125GHz

and 24.25GHz. However, the basic NR radio-access technology is spectra agnostic

and the NR specifications can easily be extended to cover additional frequencies, for

example, spectra from 7.125GHz up 24.25GHz.

In LTE, all devices support the maximum carrier bandwidth of 20MHz. However,

given the very wide bandwidths possible in NR, it is not reasonable to require all devices

to support the maximum carrier bandwidth. This has implications on several areas and

requires a design different from LTE, for example the design of control channels as dis-

cussed later. Furthermore, NR allows for device-side receiver-bandwidth adaptation as a

means to reduce the device energy consumption. Bandwidth adaptation refers to the

use of a relatively modest bandwidth for monitoring control channels and receiving

medium data rates, and to dynamically open up a wideband receiver only when needed

to support very high data rates.

To handle these two aspects NR defines bandwidth parts that indicate the bandwidth

over which a device is currently assumed to receive transmissions of a certain numerol-

ogy. If a device is capable of simultaneous reception of multiple bandwidths parts, it

would in principle be possible to, on a single carrier, mix transmissions of different

numerologies for a single device although NR currently supports a single active band-

width part at a time.

The NR time-domain structure is illustrated in Fig. 5.3 with a 10ms radio frame is

divided into ten 1ms subframes. A subframe is in turn divided into slots consisting of 14

OFDM symbols each, that is, the duration of a slot in milliseconds depends on the

numerology. For the 15kHz subcarrier spacing, an NR slot has structure that is identical

to the structure of an LTE subframe which is beneficial from a coexistence perspective.

Since a slot is defined as a fixed number of OFDM symbols, a higher subcarrier spacing

leads to a shorter slot duration. In principle this could be used to support lower-latency

transmission, but as the cyclic prefix also shrinks when increasing the subcarrier spacing, it

is not a feasible approach in all deployments. The subcarrier spacing (and cyclic prefix) is

primarily selected based on the deployment scenario. To obtain low latency, NR sup-

ports a flexible approach by allowing for transmissions over a fraction of a slot, sometimes

referred to as “mini-slot” transmission. Such transmissions can also preempt an already

ongoing slot-based transmission to another device, allowing for immediate transmission

of data requiring very low latency.

b Originally, FR1 stopped at 6GHz but was later extended to 7.125GHz to accommodate the 6GHz

unlicensed band.
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Having the flexibility of starting a data transmission not only at the slot boundaries is

also useful when operating in unlicensed spectra. In unlicensed spectra the transmitter is

typically required to ensure that the radio channel is not occupied by other transmissions

prior to starting a transmission, a procedure commonly known as “listen-before-talk”.

Clearly, once the channel is found to be available it is beneficial to start the transmission

immediately, rather than wait until the start of the slot, in order to avoid some other trans-

mitter initiating a transmission on the channel.

Operation in the mm-wave domain is another example of the usefulness of

“mini-slot” transmissions as the available bandwidth in such deployments is often very

large and even a fewOFDM symbols can be sufficient to carry the available payload. This

is of particular use in conjunction with analog beamforming, discussed later, where trans-

missions to multiple devices in different beams cannot be multiplexed in the frequency

domain but only in the time domain.

Channel estimation at the receiver relies on user-specific demodulation reference sig-

nals (DM-RS). Not only does this enable efficient beamforming andmulti-antenna oper-

ation as discussed later, it is also in line with the ultra-lean design principle described

earlier. In contrast to cell-specific reference signals, demodulation reference signals are

not transmitted unless there are data to transmit, thereby improving network energy per-

formance and reducing interference.

The overall NR time/frequency structure, including bandwidth parts, is the topic of

Chapter 7.

15 kHz

One slot (14 symbols = 1 ms)

30 kHz

One slot (14 symbols = 0.5 ms)

60 kHz

One slot (14 symbols = 0.25 ms)

One subframe (1 ms)

Downlink data Uplink controlDownlink control
Downlink reference signals

Example of latency-critical data transmission  
not starting at a slot boundary

Fig. 5.3 Frame structure (TDD assumed in this example, not all subcarrier spacings shown).
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5.1.5 Duplex schemes
The duplex scheme to use is typically given by the spectrum allocation at hand. For lower

frequency bands, allocations are often paired, implying frequency-division duplex (FDD)

as illustrated in Fig. 5.4. At higher frequency bands, unpaired spectrum allocations are

increasingly common, calling for time-division duplex (TDD). Given the significantly

higher carrier frequencies supported by NR compared to LTE, efficient support for

unpaired spectra is an even more critical component of NR, compared to LTE.

NR can operate in both paired and unpaired spectra using a single frame structure

unlike LTE where two different frame structures are used (and later expanded to three

when support for unlicensed spectra was introduced in release 13). The basic NR frame

structure is designed such that it can support both half-duplex and full-duplex operation.

In half duplex, the device cannot transmit and receive at the same time. Examples hereof

are TDD and half-duplex FDD. In full-duplex operation, on the other hand, simulta-

neous transmission and reception is possible with FDD as a typical example.

As already mentioned, TDD increases in importance when moving to higher fre-

quency bands where unpaired spectrum allocations are more common. These frequency

bands are less useful for wide-area coverage with very large cells due to their propagation

conditions but are highly relevant for local-area coverage with smaller cell sizes. Further-

more, some of the problematic interference scenarios in wide-area TDD networks are

less pronounced in local area deployments with lower transmission power and below-

rooftop antenna installations. In such denser deployments with smaller cell sizes, the

per-cell traffic variations are more rapid compared to large-cell deployments with a large

number of active devices per cell. To address such scenarios, dynamic TDD, that is, the

possibility for dynamic assignment and re-assignment of time-domain resources between

the downlink and uplink transmission directions, is a key NR technology component.

This is in contrast to LTE where the uplink-downlink allocation does not change over

time.c Dynamic TDD enables following rapid traffic variations which are particularly

pronounced in dense deployments with a relatively small number of users per cell.

For example, if a user is (almost) alone in a cell and needs to download a large object,

most of the resources should be utilized in the downlink direction and only a small

c In later LTE releases, the eIMTA features allows some dynamics in the uplink-downlink allocation.

100 GHz30 GHz10 GHz3 GHz1 GHz
7.125 GHz617 MHz 24.25 GHz 71 GHz

Mainly paired spectrum

Mainly unpaired spectrum

Fig. 5.4 Spectrum and duplex schemes.
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fraction in the uplink direction. At a later point in time, the situation may be different and

most of the capacity is needed in the uplink direction.

The basic approach to dynamic TDD is for the device to monitor for downlink con-

trol signaling and follow the scheduling decisions. If the device is instructed to transmit, it

transmits in the uplink, otherwise it will attempt to receive any downlink transmissions.

The uplink-downlink allocation is then completely under the control of the scheduler

and any traffic variations can be dynamically tracked. There are deployment scenarios

where dynamic TDD may not be useful, but it is much simpler to restrict the dynamics

of a dynamic scheme in those scenarios when needed rather than trying to add dynamics

to a fundamentally semi-static design as LTE. For example, in a wide-area network with

above-rooftop antennas, the inter-cell interference situation requires coordination of the

uplink-downlink allocation between the cells. In such situations, a semi-static allocation

is appropriate with operation along the lines of LTE. This can be obtained by the appro-

priate scheduling implementation. There is also the possibility to semi-statically configure

the transmission direction of some or all of the slots, a feature that can allow for reduced

device energy consumption as it is not necessary to monitor for downlink control chan-

nels in slots that are a priori known to be reserved for uplink usage.

5.1.6 Low-latency support
The possibility for very low latency is an important characteristic of NR and has impacted

many of the NR design details. One example is the use of “front-loaded” reference sig-

nals and control signaling as illustrated in Fig. 5.3. By locating the reference signals and

downlink control signaling carrying scheduling information at the beginning of the trans-

mission and not using time-domain interleaving across OFDM symbols, a device can start

processing the received data immediately without prior buffering, thereby minimizing

the decoding delay. The possibility for transmission over a fraction of a slot, sometimes

referred to as “mini-slot” transmission, is another example of a low-latency feature.

The requirements on the device (and network) processing times are tightened signif-

icantly in NR compared to LTE. As an example, a device has to respond with a hybrid-

ARQ acknowledgement in the uplink approximately one slot (or even less depending on

device capabilities) after receiving the downlink data transmission. Similarly, the time

from grant reception to uplink data transfer is in the same range.

The higher-layer protocols MAC and RLC have also been designed with low latency

inmind with header structures chosen to enable processing without knowing the amount

of data to transmit, seeChapter 6. This is especially important in the uplink direction as the

devicemay only have a fewOFDMsymbols for processing after receiving the uplink grant

until the transmission should take place. In contrast, the LTE protocol design requires the

MAC and RLC protocol layers to know the amount of data to transmit before any pro-

cessing can take place, which makes support for a very low latency more challenging.
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5.1.7 Scheduling and data transmission
One key characteristic of mobile radio communication is the large and typically rapid

variations in the instantaneous channel conditions stemming from frequency-selective

fading, distance-dependent path loss, and random interference variations due to transmis-

sions in other cells and by other devices. Instead of trying to combat these variations, they

can be exploited through channel-dependent schedulingwhere the time-frequency resources

are dynamically shared between users (see Chapter 14 for details). Dynamic scheduling is

used in LTE as well and on a high level, the NR scheduling framework is similar to the

one in LTE. The scheduler, residing in the base station, takes scheduling decisions based

on channel-quality reports obtained from the devices. It also takes different traffic prior-

ities and quality-of-service requirements into account when forming the scheduling

decisions sent to the scheduled devices.

Each device monitors several physical downlink control channels (PDCCHs) for downlink

control information (DCI), typically once per slot although it is possible to configure more

frequent monitoring to support traffic requiring very low latency. Upon detection of a

valid PDCCH, the device follows the scheduling decision and receives (or transmits) one

unit of data known as a transport block in NR.

In the case of downlink data transmission, the device attempts to decode the downlink

transmission. Given the very high data rates supported by NR, channel-coding data

transmission is based on low-density parity-check (LDPC) codes [64]. LDPC codes

are attractive from an implementation perspective, especially at higher code rates where

they can offer a lower complexity than the Turbo codes used in LTE.

Hybrid automatic repeat-request (ARQ) retransmission using incremental redun-

dancy is used where the device reports the outcome of the decoding operation to the

base station (see Chapter 13 for details). In the case of erroneously received data, the net-

work can retransmit the data and the device combines the soft information frommultiple

transmission attempts. However, retransmitting the whole transport block could in this

case become inefficient. NR therefore supports retransmissions on a finer granularity

known as code-block groups (CBGs). This can also be useful when handling preemption.

An urgent transmission to a second device may use only one or a few OFDM symbols

and therefore cause high interference to the first device in some OFDM symbols only. In

this case it may be sufficient to retransmit the interfered CBGs only and not the whole

data block. Handling of preempted transmission can be further assisted by the possibility

to indicate to the first device the impacted time-frequency resources such that it can take

this information into account in the reception process.

Although dynamic scheduling is the basic operation of NR, operation without a

dynamic grant can be configured. In this case, the device is configured in advance with

resources that can be (periodically) used for uplink data transmission (or downlink data

reception). Once a device has data available it can immediately commence uplink trans-

mission without going through the scheduling request-grant cycle, thereby enabling

lower latency.
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5.1.8 Control channels
Operation of NR requires a set of physical-layer control channels to carry downlink con-

trol information (DCI), for example scheduling decisions, and uplink control informa-

tion (UCI) to provide feedback information in the uplink. A detailed description of the

structure of these control channels is provided in Chapter 10.

Downlink control channels are known as PDCCHs (physical downlink control chan-

nels). One major difference compared to LTE is the more flexible time-frequency struc-

ture of downlink control channels where PDCCHs are transmitted in one or more control

resource sets (CORESETs) which, unlike LTE where the full carrier bandwidth is used,

can be configured to occupy only part of the carrier bandwidth. This is needed in order to

handle devices with different bandwidth capabilities and is also in line with the principles

for forward compatibility as discussed earlier. Another major difference compared to LTE

is the support for beamforming of the control channels, which has required a different

reference signal design with each control channel having its own dedicated reference

signal.

Uplink control information such as hybrid-ARQ acknowledgements, channel-state

feedback for multi-antenna operation, and scheduling request for uplink data awaiting

transmission, is transmitted using the physical uplink control channel (PUCCH). There

are several different PUCCH formats, depending on the amount of information and

the duration of the PUCCH transmission. A short duration PUCCH can be transmitted

in the last one or two symbols of a slot and thus support very fast feedback of hybrid-

ARQ acknowledgements in order to realize so-called self-contained slots where the

delay from the end of the data transmission to the reception of the acknowledgement

from the device is in the order of an OFDM symbol, corresponding to a few tens of

microseconds depending on the numerology used. This can be compared to almost 3

ms in LTE and is yet another example on how the focus on low latency has impacted

the NR design. For situations when the duration of the short PUCCH is too short to

provide sufficient coverage, there are also possibilities for longer PUCCH durations.

For coding of the physical-layer control channels, for which the information blocks

are small compared to data transmission and hybrid-ARQ is not used, polar codes [17]

and Reed-Muller codes have been selected.

5.1.9 Beam-centric design and multi-antenna transmission
Support for (a large number of) steerable antenna elements for both transmission and

reception is a key feature of NR. At higher frequency bands, the large number of anten-

nas elements are primarily used for beamforming to extend coverage, while at lower fre-

quency bands they enable full-dimensional MIMO, sometimes referred to as massive

MIMO, and interference avoidance by spatial separation.

NR channels and signals, including those used for control and synchronization, have

all been designed to support beamforming (Fig. 5.5). Channel-state information (CSI) for
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operation of massive multi-antenna schemes can be obtained by feedback of CSI reports

based on transmission of CSI reference signals in the downlink, as well as using uplink

measurements exploiting channel reciprocity.

To provide implementation flexibility, NR is deliberately including functionality to

support analog beam-forming as well as digital precoding/beam-forming, see

Chapter 11. At high frequencies, analog beamforming, where the beam is shaped after

digital-to-analog conversion, may be necessary from an implementation perspective,

at least initially. Analog beamforming results in the constraint that a receive or transmit

beam can only be formed in one direction at a given time instant and requires beam-

sweeping where the same signal is repeated in multiple OFDM symbols but in different

transmit beams. By having beam-sweeping possibility, it is ensured that any signal can be

transmitted with a high gain, narrow beamformed transmission to reach the entire

intended coverage area.

Signaling to support beam-management procedures is specified, such as an indication

to the device to assist selection of a receive beam (in the case of analog receive beamform-

ing) to be used for data and control reception. For a large number of antennas, beams are

narrow and beam tracking can fail, therefore beam-recovery procedures have also been

defined, which can be triggered by a device. Moreover, a cell may have multiple trans-

mission points, each with multiple beams, and the beam-management procedures allow

for device-transparent mobility and seamless handover between the beams of different

points. Additionally, uplink-centric and reciprocity-based beam management is possible

by utilizing uplink signals.

With the use of a massive number of antenna elements for lower frequency bands, the

possibility to separate users spatially increases both in uplink and downlink but requires

that the transmitter has channel knowledge. For NR, extended support for such multi-

user spatial multiplexing is introduced, either by using a high-resolution channel-state-

information feedback using a linear combination of DFT vectors, or uplink sounding

reference signals targeting the utilization of channel reciprocity.

Fig. 5.5 Beamforming in NR.
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Twelve (increased to 24 in release 17) orthogonal demodulation reference signals are

specified for multi-user MIMO transmission purposes while an NR device can maxi-

mally receive eight MIMO layers in the downlink and transmit up to four layers in

the uplink (increased to eight layers in release 17). Moreover, additional configuration

of a phase tracking reference signal is introduced in NR since the increased phase noise

power at high carrier frequency bands otherwise will degrade demodulation performance

for larger modulation constellations, for example 64 QAM.

DistributedMIMO implies that the device can receive multiple independent physical

data shared channels (PDSCHs) per slot to enable simultaneous data transmission from

multiple transmission points to the same user. In essence, some MIMO layers are trans-

mitted from one site while other layers are transmitted from another site. This can be

handled through proper network implementation in release 15 although the multi-

transmission point (multi-TRP) support in release 16 provides further enhancements.

Multi-antenna transmission in general, as well as a more detailed discussion on NR

multi-antenna precoding, is described in Chapter 11 with beam management being the

topic of Chapter 12.

5.1.10 Initial access
Initial access refers to the procedures allowing a device to find a cell to camp on, receive

the necessary system information, and request a connection through random access. The

basic structure of NR initial access, described in Chapters 16 and 17, is similar to the

corresponding functionality of LTE [26]:

There is a pair of downlink signals, the Primary Synchronization Signal (PSS) and Sec-

ondary Synchronization Signal (SSS), that is used by UEs to find, synchronize to, and iden-

tify a network

There is a downlink Physical Broadcast Channel (PBCH) transmitted together with the

PSS/SSS. The PBCH carries a minimum amount of system information including indi-

cation where the remaining broadcast system information is transmitted. In the context of

NR, the PSS, SSS, and PBCH are jointly referred to as a Synchronization Signal

Block (SSB).

There is a four-stage random-access procedure, commencing with the uplink trans-

mission of a random-access preamble. From release 16 it is also possible ot use a two-sate

random-access procedure.

However, there are some important differences between LTE and NR in terms of

initial access. These differences come mainly from the ultra-lean principle and the beam-

centric design, both of which impact the initial access procedures and partly lead to dif-

ferent solutions compared to LTE.

In LTE, the PSS, SSS, and PBCH are located at the center of the carrier and are trans-

mitted once every 5 ms. Thus, by dwelling on each possible carrier frequency during at
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least 5 ms, a device is guaranteed to receive at least one PSS/SSS/PBCH transmission if a

carrier exists at the specific frequency. Without any a priori knowledge a device must

search all possible carrier frequencies over a carrier raster of 100 kHz.

To enable higher NR network energy performance in line with the ultra-lean prin-

ciple, the SSB is, by default, transmitted once every 20 ms. Due to the longer period

between consecutive SSBs, compared to the corresponding signals/channels in LTE, a

device searching for NR carriers must dwell on each possible frequency for a longer time.

To reduce the overall search time while keeping the device complexity comparable to

LTE, NR supports a sparse frequency raster for the SSB. This implies that the possible

frequency-domain positions of the SSB could be significantly sparser, compared to the

possible positions of an NR carrier (the carrier raster). As a consequence, the SSB will typ-

ically not be located at the center of the NR carrier, which has impacted the NR design.

The sparse SSB raster in the frequency domain enables a reasonable time for initial cell

search, at the same time as the network energy performance can be significantly improved

due to the longer SSB period.

Network-side beam-sweeping is supported for both downlink SSB transmission and

uplink random-access reception as a means to improve coverage, especially in the case of

operation at higher frequencies. It is important to realize that beam sweeping is a possibility

enabled by the NR design. It does not imply that it must be used. Especially at lower

carrier frequencies, beam sweeping may not be needed.

5.1.11 Interworking and LTE coexistence
As it is difficult to provide full coverage at higher frequencies, interworking with systems

operating at lower frequencies is important. In particular, a coverage imbalance between

uplink and downlink is a common scenario, especially if uplink and downlink are in dif-

ferent frequency bands. The higher transmit power for the base station compared to the

mobile device results in the downlink achievable data rates often being bandwidth lim-

ited, making it more relevant to operate the downlink in higher spectrum where wider

bandwidth may be available. In contrast, the uplink is more often power limited, reduc-

ing the need for wider bandwidth. Instead, higher data rates may be achieved on lower-

frequency spectra, despite there being less available bandwidth, due to less radio-channel

attenuation.

Through interworking, a high-frequency NR system can complement a low-

frequency system (see Chapter 18 for details). The lower frequency system can be either

NR or LTE, and NR supports interworking with either of these. The interworking can

be realized at different levels, including intra-NR carrier aggregation, dual connectivityd

with a common packet data convergence protocol (PDCP) layer, and handover.

d In the December 2017 version of release 15, dual connectivity is only supported between NR and LTE.

Dual connectivity between NR and NR is part of the final June 2018 release 15.
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However, the lower frequency bands are often already occupied by current technol-

ogies, primarily LTE. LTE/NR spectrum co-existence, that is, the possibility for an operator

to deploy NR in the same spectrum as an already existing LTE deployment has therefore

been identified as a way to enable early NR deployment in lower frequency spectra with-

out reducing the amount of spectrum available to LTE.

Two co-existence scenarios were identified in 3GPP and guided the NR design:

In the first scenario, illustrated in the left part of Fig. 5.6, there is LTE/NR co-

existence in both downlink and uplink. Note that this is relevant for both paired and

unpaired spectra although a paired spectrum is used in the illustration.

In the second scenario, illustrated in the right part of Fig. 5.6, there is co-existence

only in the uplink transmission direction, typically within the uplink part of a lower-

frequency paired spectrum, withNR downlink transmission taking place in the spectrum

dedicated to NR, typically at higher frequencies. This scenario attempts to address the

uplink-downlink imbalance discussed above. Carrier aggregation or the supplementary

uplink (SUL) can both be used to handle this scenario.

The possibility for an LTE-compatible NR numerology based on 15 kHz sub-

carrier spacing, enabling identical time/frequency resource grids for NR and LTE,

is one of the fundamental tools for such coexistence. The flexible NR scheduling with

a scheduling granularity as small as one symbol can then be used to avoid scheduled

NR transmissions to collide with key LTE signals such as cell-specific reference signals,

CSI-RS, and the signals/channels used for LTE initial access. Reserved resources,

introduced for forward compatibility (see Section 5.1.3), can also be used to further

enhance NR-LTE co-existence. It is possible to configure reserved resources matching

the cell-specific reference signals in LTE, thereby enabling an enhanced NR-LTE

overlay in the downlink.

5.2 NR evolution and 5G advanced

Release 15 forms the foundation for NR, providing a highly capable 5G standard. To

further improve the performance and to meet new use cases and deployment scenarios,

release 16 provide additional enhancements and mark the start of the NR evolution, an
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Fig. 5.6 Example of NR-LTE coexistence.
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evolution that continues in the following releases. From release 18 and onwards, the

name 5G Advanced will be used to highlight the significant enhancements compared

to the first release of NR.

On a high level, the enhancements can be grouped into two categories, see Fig. 5.7:

• improvements of already existing features such as multi-antenna enhancements, carrier

aggregation enhancements,mobility enhancements, andpower-saving improvements; and

• new features addressing new deployment scenarios and verticals, for example inte-

grated access and backhaul, support for unlicensed spectra, intelligent transportation

systems, industrial IoT, and non-terrestrial networks (NTN).
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Fig. 5.7 Illustration of the NR evolution.
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Clearly, there is not a sharp and well-defined border between these two categories and

the grouping can be done in many different ways. Fig. 5.7 should merely be seen as an

illustration giving some structure to the discussion. In the following, a brief overview of

these enhancements is given.

5.2.1 Multi-antenna enhancements
The multi-antenna enhancements in release 16 covers several aspects as detailed in

Chapters 11 and 12. Enhancements to the CSI reporting for MU-MIMO are provided

by defining a new codebook, providing increased throughput and/or reduced overhead.

The beam-recovery procedures are also improved, reducing the impact from a beam fail-

ure. Finally, support for transmissions to a single device from multiple transmission

points, often referred to as multi-TRP, is also added, including the necessary control sig-

naling enhancements. Multi-TRP can provide additional robustness towards blocking of

the signal from the base station to the device, something which is particularly important

for URLLC scenarios.

Building on release 16, release 17 primarily addresses beammanagement, multi-TRP,

and reciprocity-based operation as illustrated in Fig. 5.8.

Beam management has been part of NR from the start, based on the transmission

configuration indicator (TCI) framework. In release 17, the TCI framework has been

revised to reduce overhead by focusing on the common scenario where the device

is using the same beam for both reception and transmission. DCI-based beam switch-

ing, which is possible for PDSCH only in released 16, is extended to cover all

channels.

Multi-TRP is introduced in release 16 covering PDSCH only and extended to cover

also PUSCH, PDCCH, and PUCCH in release 17. To better support non-coherent

joint transmission, the CSI reporting scheme is extended to cater for this scenario.

Enhancements for high-speed trains, where a device between two transmission points

PDCCH
PUSCH
PUCCH

mTRP for robustness

NC-JT in FR2

SFN for high-speed trains

High-mobility in FR2

Fast antenna-panel selection

8-Tx SRS

SRS-based reciprocity
CSI reporting

Beam management Multi-TRP enhancements Reciprocity-based operation

Fig. 5.8 Multi-antenna enhancements in release 17.
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may experience high Doppler but with opposite signs from the two transmission points,

are also introduced.

Release 17 also introduces an additional CSI codebook that allows for reduced

reporting overhead by utilizing partial channel reciprocity which may be available even

for FDD-based network deployments. To aid this, support for more than four antenna

ports for SRS, together with a more flexible SRS triggering mechanism, is also

introduced.

Release 18 continues the multi-antenna evolution and provides enhancements in the

areas of enhanced CSI reporting for coherent joint transmission and increased multi-user

MIMO capacity.

5.2.2 Carrier aggregation and dual connectivity enhancements
Dual connectivity and carrier aggregation are both part of NR from the first release.

One use case is to improve the overall data rates. Given the bursty nature of most

data traffic, rapid setup and activation of additional carriers is important in order to

benefit from the high data rates resulting from carrier aggregation. If the additional

carriers are not rapidly activated, the data transaction might be over before the extra

carriers are active. Having all carriers in the device permanently activated, which

would address the latency aspect, is not realistic from a power consumption perspec-

tive. Therefore, release 16 provides functionality for early reporting of measure-

ments on serving and neighboring cells, as well as mechanisms to reduce

signaling overhead and latency for activating additional cells. Having early knowl-

edge of various measurements enables the network to quickly select, for example, an

appropriate MIMO scheme. Without early reporting, the network needs to rely on

less efficient single-layer transmission until the necessary channel-state information

is available.

In earlier technologies, for example LTE, the absence of encryption for early RRC

signaling has typically resulted in measurement reports being delayed until the (extensive)

signaling for setting up the security protocols is complete. Thus, it will take some time

before the network is fully aware of the situation at the device and can schedule data

accordingly. However, with the new RRC_INACTIVE state in NR, the context of

the device, including security configuration, can be preserved and the RRC connection

be resumed after periods of inactivity without need for extensive signaling. This opens for

the possibility of earlier measurement reporting and faster setup of carrier aggregation and

dual connectivity. For example, release 16 enables measurement configuration upon the

device entering RRC_INACTIVE state and measurement reporting during the resume

procedure.

Release 16 also enhances the coexistence of different numerologies on different car-

riers by supporting cross-carrier scheduling with different numerologies on the
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scheduling and scheduled carriers. This was originally planned to be part of release 15 but

was postponed to release 16 due to time limitations.

One relatively common scenario is to use carrier aggregation with a primary carrier

on a lower frequency band and secondary carriers on higher frequency bands. By doing

so, the more robust propagation conditions of a low frequency band are combined with

the significantly wider transmission bandwidths available in the higher frequency bands.

However, prior to release 17, it is not possible to use cross-carrier scheduling from a

higher frequency band to schedule transmissions on the lower frequency band in this

setup. This may lead to the PDCCH capacity being a bottleneck with a large part of

the scheduling information being transmitted on a relatively narrow-band low-frequency

carrier. To address this and increase the PDCCH capacity, cross-carrier scheduling can be

done also from the higher frequency bands in release 17.

The dual connectivity framework also received some updated in release 17 with faster

activation of secondary carriers.e This allows the secondary carriers(s) to be kept in a low

power state but be rapidly activated to follow bursty traffic.

The carrier aggregation evolution continues in release 18 where among other fea-

tures, a scheme for scheduling multiple carriers with a single DCI is introduced to reduce

the overhead (in releases prior to release 18, there is one DCI per carrier scheduled).

5.2.3 Mobility enhancements
Mobility is essential for any cellular system and NR already from the start has extensive

functionality in this area. Nevertheless, enhancements in terms of latency and robustness

are relevant to further improve the performance.

Latency, that is the time it takes to perform a handover, needs to be sufficiently small.

At high frequency ranges, extensive use of beamforming is necessary. Due to the beam

sweeping used, the handover interruption time can be larger than at lower frequencies.

Release 16 therefore introduces enhancements such as dual active protocol stack (DAPS),

which in essence is a make-before-break solution to significantly reduce the

interruption time.

The basic way for handling mobility and handover between cells is to use measure-

ments reports from the device, for example reports on the received power from other

neighboring cells. When the network, based on these reports, determines a handover

is desirable, it will instruct the device to establish a connection to the new cell. The device

follows these instructions and, once the connection with the new cell is established,

responds with an acknowledgment message. This procedure in most cases work well,

but in scenarios where the device experiences a very sudden drop in signal quality from

the serving base station, it may not be able to receive the handover command before the

e In the specifications, the primary carrier is referred to as the PCell and the secondary carriers as SCells, see

Chapter 7.
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connection is lost. To mitigate this, release 16 provides for conditional handovers, where

the device is informed in advance about candidate cells to handover to, as well as a set of

conditions when to execute handover to that particular cell. This way, the device can by

itself conclude when to perform a handover and thereby maintain the connection even if

the link from the serving cell experiences a very sudden drop in quality. In release 17, the

conditional handover is extended to also cover the secondary cell group in a dual con-

nectivity scenario (in release 16 it is limited to the master cell group only).

Release 18 introduces additional mobility enhancements, for example, L1/L2-

triggered mobility (LTM) to facilitate faster inter-cell mobility than the traditional mobil-

ity mechanism based on RRC signaling. In LTM, multiple candidate cells are configured

through RRC and L1/L2 signaling is used for fast switching between the preconfigured

candidate cells. This can be seen as an extension of the L1/L2-based beam management

present in earlier NR releases.

5.2.4 Device power saving enhancements
From an end-user perspective, device power consumption is a very important aspect.

There are mechanisms already in the first release of NR to help reducing the device

power consumption, most notably discontinuous reception and bandwidth adaptation.

These enhancements can, on a high level, be seen as mechanisms to rapidly turn on/

off features that are needed when actively transferring data only. For example, high data

rates and low latency are important when transferring data and NR therefore specifies

features for short delays between control signaling and the associated data, as well as a

flexibleMIMO scheme supporting a large number of layers. However, when not actively

transferring data, some of these aspects are less relevant and relaxing the latency budget

and reducing the number of MIMO layers can help reducing the power consumption in

the device. Release 16 therefore enhances cross-slot scheduling, such that the device does

not have to be prepared to receive data in the same slot as the associated PDCCH, adds

the possibility for a PDCCH-based wake-up signal, and introduces fast (de)activation of

cell dormancy, all of which are discussed in Chapter 14. Signaling where the device can

indicate a preference to transfer from connected state to idle/inactive state, and assistance

information from the device on a recommended set of parameters to maximize the power

saving gains are other examples of enhancements in release 16.

Further enhancements in the area of device power savings are introduced in release

17. For example, in connected state the radio-link monitoring and beam-failure detec-

tion can be relaxed when the device operated in a low-mobility scenario to conserve

energy. It is also possible to adapt the PDCCH monitoring by dynamically switch

between search spaces or by skipping PDCCH monitoring directly after a data burst.

In idle state, a paging early indicator (PEI), based on a new DCI format, can be used to

indicate to the device whether paging will occur in an upcoming paging occasion or
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not. This allows the device to save energy otherwise needed to prepare for reception of

potential paging messages on the PDSCH, see Chapter 14.

5.2.5 Cross-link interference mitigation and remote
interference management
Cross-link interference (CLI) handling and remote interference management (RIM)

refers to two enhancements added in release 16 to handle interference scenarios in

TDD systems, see Fig. 5.9. Both enhancements are discussed in further detail in

Chapter 19 and summarized below.

CLI primarily targets small-cell deployments using dynamic TDD and introduces

new measurements to detect crosslink interference between downlink and uplink where

downlink transmissions in one cell interferes with uplink reception in a neighboring cell

(and vice versa). Based on the measurements, both by devices and neighboring cells, the

scheduler can improve the scheduling strategy to reduce the impact from cross-link

interference.

RIM targets wide-area TDD deployments where certain weather conditions can cre-

ate atmospheric ducts leading to interference from very distant base stations. Ducting is a

rare event, but when it occurs downlink transmission from a base stations hundreds of

kilometers away may cause very strong interference to uplink reception at thousands

of base stations. The impact on the network performance is significant.With RIM, prob-

lematic interference scenarios can be managed in an automated way in contrast to manual

intervention approaches.

5.2.6 Integrated access and backhaul/network-controlled repeaters
Integrated access and backhaul (IAB) extends NR to also support wireless backhaul, as an

alternative to, for example, fiber backhaul. This enables the use of NR for a wireless link

from central locations to distributed cell sites and between cell sites. For example, deploy-

ments of small cells in dense urban networks can be simplified, or deployment of tem-

porary sites used for special events can be enabled.

IAB can be used in any frequency band in which NR can operate. However, it is

anticipated that mm-wave spectra will be the most relevant spectrum for IAB due to

the amount of spectrum available. As higher-frequency spectra typically are unpaired,

this also means that IAB can be expected to primarily operate in TDD mode on the

backhaul link.

Fig. 5.10 illustrates the basic structure of a network utilizing IAB. An IAB node con-

nects to the network via an (IAB) donor node which, essentially, is a normal base station

utilizing conventional (non-IAB) backhaul. The IAB node creates cells of its own and

appears as a normal base station to devices connecting to it. Thus, there is no specific

device impact from IAB, which is solely a network feature. This is important as it allows
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Fig. 5.9 Cross-link interference (left) and remote interference (right).
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also for legacy (release 15) devices to access the network via an IAB node. Additional IAB

nodes can connect to the network via the cells created by an IAB node, thereby enabling

multi-hop wireless backhauling.

In release 18, IAB is extended with enhanced for support for mobile IAB nodes,

including full inter-donor mobility. This allows for IAB nodes to be placed on, for

example, buses.

As an alternative to IAB nodes, repeaters can be used. A repeater essentially receives,

amplifies, and retransmits the received analog signal. Repeaters have been part of cellular

systems for many years but release 18 introduces support for network-controlled repeaters.

The network control, for example, allows for scheduler-controlled beam-forming on the

repeater-device link, which may improve the repeater coverage and reduce the interfer-

ence caused by the repeater,

Further details on IAB and network-controlled repeaters are found in Chapter 24.

5.2.7 NR in unlicensed spectra
Spectrum availability is essential to wireless communication, and the large amount of

spectra available in unlicensed bands is attractive for increasing data rates and capacity

for 3GPP systems. In release 16, NR is enhanced to enable operation in unlicensed spec-

tra. NR supports a similar setup as LTE – license-assisted access – where the device is

attached to the network using a licensed carrier, and one or more unlicensed carriers

are used to boost data rate using the carrier aggregation framework. However, unlike

LTE, NR also supports standalone unlicensed operation, without the support from a car-

rier in licensed spectra, see Fig. 5.11. This will greatly add to the deployment flexibility of

NR in unlicensed spectra compared to LTE-LAA.

Release 16 provides a global framework which allows operation not only in the exist-

ing 5GHz unlicensed bands (5150–5925MHz), but also in new bands such as the 6GHz

band (5925–7125MHz) when they become available. In release 17, the spectrum range

for NR is extended up to 71GHz, allowing the exploitation of the 60GHz unlicensed

band in addition.

Several key principles important for operation in unlicensed spectra are already part of

NR in release 15, for example ultra-lean transmission and the flexible frame structure, but

there are also new mechanisms added in release 16, most notable the channel-access pro-

cedure used to support listen-before-talk (LBT), as described in Chapter 20. NR largely

reuses the same channel-access mechanisms as LAAwith some enhancements. In fact, the

Conventional 
backhaul

Backhaul based on IAB

knilsseccAknilsseccAknilsseccA

Backhaul based on IAB

edonBAIedonBAIedonronoD

Fig. 5.10 Integrated access and backhaul.
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same multi-standard specification, [88], is used for both LTE and NR. Reusing the

mechanism developed for LTE-LAA (which to a large extent is used by Wi-Fi as well)

is highly beneficial from a coexistence perspective. During the studies in 3GPP, it was

demonstrated that replacement of one Wi-Fi network with an NR network in unli-

censed spectra can lead to improved performance, not only for the network migrated

to NR but also for the remaining Wi-Fi network.

5.2.8 Extension beyond 52.5GHz
One major enhancement in release 17 is the extension of the upper limit of FR2 from

52.6GHz to 71GHz. The range 52.6–71GHz is known as FR2-2f and is equally appli-

cable to licensed and unlicensed spectra, but one reason for the extension is the unli-

censed 60GHz band. Support of frequencies above 52.6GHz impacts NR in several

ways, among them phase noise. Phase noise can be handled by more advanced receiver

algorithms and does not necessarily require a larger subcarrier spacing. However, to avoid

the FFT size to unnecessary limit the carrier bandwidth, NR is extended with subcarrier

spacings of 480 and 960kHz to be able to exploit carrier bandwidths up to 2GHz.

5.2.9 Intelligent transportation systems, vehicle-to-anything,
and sidelinks
Intelligent transportation systems (ITS) is one example of a new vertical in focus for NR

release 16. ITS provide a range of transport- and traffic-management services that

together will improve traffic safety, and reduce traffic congestion, fuel consumption

and environmental impacts. Examples hereof are vehicle platooning, collision avoidance,

cooperative lane change, and remote driving. To facilitate ITS, communication is

required not only between vehicles and the fixed infrastructure but also between vehicles.

Licensed carrier
(mobility, ...)

Unlicensed carrier
(user data)

Unlicensed carrier
(mobility, user data, ...)

oiranecsdesnecilnuenola-dnatSoiranecsAAL

LTE

NR

Fig. 5.11 NR in unlicensed spectra; license-assisted operation (left) and fully stand-alone (right).

f The range 24.5–52.6GHz is known as FR2-1. Together, FR2-1 and FR2-2 forms FR2.
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Communication with the fixed infrastructure is obviously already catered for by using

the uplink and downlink. To handle the case of direct communication between vehicles

(vehicle-to-vehicle, V2V, communication), release 16 introduces the sidelink described

in Chapter 26. The sidelink is also the basis for other, non-ITS-related, enhancements in

release 17 and could therefore be seen as a general addition not tied to any particular ver-

tical. Besides the sidelink, many of the enhancements introduced for the cellular uplink/

downlink interface are also relevant for supporting ITS services. In particular, the ultra-

reliable low-latency communication (URLLC) is instrumental in enabling remote-

driving services.

The sidelink supports not only physical-layer unicast transmissions but also groupcast

and broadcast transmissions. Unicast transmission, where two devices communicate

directly, support advanced multi-antenna schemes relying on CSI feedback, hybrid

ARQ, and link adaptation. Broadcast andmulticast modes are relevant when transmitting

information relevant for multiple devices in the neighborhood, for example safety mes-

sages. In this case feedback-based transmissions schemes are less suitable although hybrid-

ARQ is possible.

The sidelink can operate in in-coverage, out-of-coverage and partial coverage sce-

narios (see Fig. 5.12) and can make use of all NR frequency bands. When there is cel-

lular coverage, the base station may also take the role of scheduling al the sidelink

transmissions.

In release 17, the sidelink design is generalized to also match use cases other than V2X,

for example wearables. The resource allocation mechanism has been updated to cater for

the limited battery energy in many devices, something that was less of an issue for V2X

applications where the device could have access to the vehicle battery. Support for side-

link relaying, that is, using intermediate devices as relay nodes to extend network cov-

erage, is also part of release 17.

Further enhancements take place in release 18, supporting sidelink carrier aggrega-

tion, operation in unlicensed spectrum, and potential extension to FR2.

5.2.10 Machine-type communication and internet-of-things
Machine-type communication and internet-of-things are very wide terms, covering a

wide range of use cases and scenarios, including

In-coverage Out-of-coverage Partial coverage

Fig. 5.12 Device-to-device communication under network control when in coverage.
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• low-power wide-area (LPWA) networks, also known as massive IoT and character-

ized by a large number of very low-cost devices, each with modest data-rate require-

ments and a long battery lifetime;

• ultra-reliable low-latency communication (URLLC), sometimes referred to as critical

IoT and where reliability and latency are the most important aspects;

• non-latency-critical industrial applications, also referred to as broadband IoT, for

example surveillance cameras, requiring data rates of a few ten Mbit/s at most at rea-

sonable cost and relaxed latency requirements.

Given the vastly different requirements of these three areas, different set of features and

technologies are used as illustrated in Fig. 5.13.

LPWA is, as already mentioned, well served by the LTE-derived NB-IoT and eMTC

technologies [26]. Although both NB-IoT and eMTC existed before NR was standard-

ized, the spectrum-sharing mechanisms in NR enable a tight integration of these tech-

nologies into an NR carrier, forming an integrated solution.

URLLC support is part of NR from the beginning. However, to widen the set of

industrial IoT use cases addressed and to better support new use cases, such as factory

automation, electrical power distribution, and transport industry (including the remote

driving use case), release 16 adds enhancements to increase the reliability and further

reduce the already low latency in release 15. Time-sensitive networking (TSN), where

latency variations and accurate clock distribution are as important as low latency in itself,

is another area targeted by the enhancements. Another example is a mechanism to

eMBB
(high data rates, high capacity)

URLLC
(high reliability, low latency)

mMTC
(low cost, long battery lifetime)

eMTC
NB-IoT

URLLC
enh.

RedCap

Broadband IoT

Massive IoT Critical IoT

Fig. 5.13 Relative positioning of different IoT technologies.
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prioritize traffic flows within and between devices. For example, uplink preemption

where an ongoing low-priority uplink transmission can be cancelled as well as enhanced

power control to increase the transmission power of a high-priority uplink transmission,

are introduced. In general, many of the additions, described in Chapter 21, can be viewed

as a collection of smaller improvements that together significantly enhance NR in the

area of URLLC.

Further enhancements to industrial IoT and URLLC are introduced in release 17,

aiming at increased spectral efficiency and system capacity, and improved support for

time-sensitive communication. The enhancements related to PUCCH repetition, CSI

reporting, hybrid-ARQ-related signaling, intra-device multiplexing, and TSN assistance

information. Release 17 also improved the support of URLLC in unlicensed spectra

when operating in a controlled environment. In such environments the interference var-

iations are often smaller and channel access can be simplified, avoiding the random back-

off typically encountered otherwise.

Non-latency-critical applications have in the past often been handled by simpler LTE

devices, for example LTE cat 1–4. These categories are more capable than NB-IoT and

eMTC, but less capable than NR. To provide an NR-based solution for use cases having

higher requirements than what eMTC/NB-IoT provides but lower than what can be

provided by the full set of NR features, release 17 introduces reduced capability (RedCap)

devices. These devices are NR devices but with lower complexity than regular NR by

limiting some of the features, see Fig. 5.14. RedCap is further evolved in release 18 with

enhancements to the DRX handling and further data rate reduction. A more detailed

discussion of RedCap is found in Chapter 22.

Independent of RedCap, release 17 also introduced enhancements for small data

transmission, a way to reduce the overhead for the small and infrequent payloads often

encountered in IoT applications. This is achieved by allowing uplink data transmission in
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Fig. 5.14 Illustration of the relation between NR, RedCap, and eMTC/NB-IoT.
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inactive state and not enforcing a transition to connected state prior to transmitting a small

data packet.

5.2.11 Positioning
There is a range of applications, for example logistics and manufacturing, that require

accurate positioning, not only outdoors but also indoors. NR is therefore extended in

release 16 to provide better positioning support. Global navigation satellite systems (GNSS),

assisted by cellular networks, have for many years been used for positioning. This pro-

vides accurate positioning but is typically limited to outdoor areas with satellite visibility

and additional positioning methods are therefore important.

Architecture-wise, NR positioning is based on the use of a location server, similar to

LTE. The location server collects and distributes information related to positioning

(device capabilities, assistance data, measurements, position estimates, and so forth) to

the other entities involved in the positioning procedures. A range of positioning

methods, both downlink-based and uplink-based, are used separately or in combination

to meet the accuracy requirements for different scenarios, see Fig. 5.15.

Downlink-based positioning is supported by providing a new reference signal, the

positioning reference signal (PRS). Compared to LTE, the PRS has a more regular structure

and a much larger bandwidth, which allows for a cleaner andmore precise time-of-arrival

estimation. The device can measure and report the time-of-arrival difference for PRSs

received from multiple distinct base stations, and the reports are used by the location

server to determine the position of the device. If different PRSs are transmitted in dif-

ferent beams, the reports will indirectly give information in which direction from a base

station the device is located.

Uplink-based positioning is based on sounding reference signals (SRSs) transmitted

from the devices, which are extended to improve the accuracy. Using these (extended)

SRSs, the base stations can measure and report the arrival time, the received power, the

Report time-of-arrival for received SRSs

Location sever

Transmit SRS

Report time-of-arrival
difference for received
PRSs

Location sever

Measure on PRSs

gninoitisopdesab-knilpUgninoitisopdesab-knilnwoD

Fig. 5.15 Examples of downlink-based (left) and uplink-based (right) positioning.
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angle-of-arrival (if receiver beamforming is used), and the difference between downlink

transmission time and uplink SRS reception time. All these measurements are collected

from the base station and fed to the location server to determine the position.

Positioning requires accurate timing. If different signals pass through different RF

chains, the timing may differ. Release 17 added support for grouping signals known

to passing the same RF processing together, thereby improving the timing knowledge

to obtain better positioning estimates. Other enhancements in release 17 include angle-

based positioning, positioning also in the RRC_INACTIVE state, and various tools to

reduce the overall positioning latency. In release 18, support for positioning of RedCap

devices is added, as is bandwidth aggregation and carrier-phase positioning for increased

accuracy.

Positioning and the associated reference signals are the topics of Chapter 27.

5.2.12 Non-terrestrial networks
Terrestrial networks can provide very high capacity and good coverage and is the typical

way cellular networks are deployed. Nevertheless, there are areas where terrestrial net-

works are costly or even infeasible. Coverage over oceans is an obvious example of this,

but also in very remote areas it might be too costly to deploy a terrestrial network given

the very small number of users. Given the reduced cost of launching satellites in recent

years, non-terrestrial networks (NTN) can serve as a complement to terrestrial networks

to provide coverage is remote areas where capacity is not the main concern

Support for non-terrestrial networks (NTN) has been added to NR in release 17,

including low-earth orbit (LEO) as well as geostationary (GEO) satellite constellations.

Handling of very high Doppler shifts and very long roundtrip times are two of the chal-

lenges addressed by release 17 enhancements, described in more detail in Chapter 25.

5.2.13 Broadcast and multicast
Data transmission in the first releases of NR focuses of data intended for a single user only

and transmission protocols and radio-resource management procedures for user data are

all designed with this in mind. However, there are use cases wheremultiple users are inter-

ested in the same data. Radio and TV broadcasting networks are two well-known exam-

ples of networks focusing on covering very large areas with the same content, with no or

limited possibilities for transmission of data intended for a single user. Other examples,

potentially more relevant to cellular systems, when delivery the same data to multiple

devices is of interest are first responders, where a dispatcher need to communicate with

a group of responders, and software upgrades of multiple devices.

To better address these types of scenarios, release 17 introduces broadcast and multi-

cast functionality toNR as described in Chapter 23. The provision of broadcast/multicast

services in a mobile-communication system implies that the same information is
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simultaneously provided to multiple devices, which in many cases reduces the amount of

network resources required compared to individual transmissions to the devices.

5.2.14 Coverage enhancements
Coverage is one of the most important requirements on a cellular network. To a large

extent, coverage for a certain data rate is determined by deployment aspects, for example

transmission power and inter-site distance.

In release 17, several smaller enhancements are introduced to improve the uplink cov-

erage which often is limited by the PUSCH performance. Channel estimation can be

made jointly across both PUSCH and PUCCH, and across multiple slots. This allows

the gNB to improve channel estimation by filtering the channel estimates across multiple

slots transmitted back-to-back. A single transport block can be transmitted across mul-

tiple slots, which together with channel estimation across multiple slots improves the per-

formance. There are also enhancements to dynamically control PUCCH repetitions.

In release 18, further enhancements are introduced, for example dynamic switching

between OFDM and DFTS-OFDM in the uplink.

5.2.15 NR in less than 5 MHz of spectrum
The NR design is inherently flexible and a wide range of carrier bandwidths can be sup-

ported. The smallest carrier bandwidth is 5MHz, which is small enough for typical cel-

lular operators and is sufficient to support the 20 resource blocks required for the SSB.

However, for some used cases, in particular railroad communication and some public

safety applications, the available spectrum allocations can be smaller than 5MHz. To

address thee use cases, release 18 reduces the smallest carrier bandwidth to approximately

3MHz without redesigning the SSB structure. Thus, the changes are primarily related to

RAN4 aspects such as the channel raster [113].

5.2.16 Extended reality (XR)
Extended reality (XR) is an umbrella term covering virtual reality (VR), augmented real-

ity (AR) where, and mixed reality (MR). In virtual reality, computer-generated three-

dimensional scenery is presented to the user, typically through VR glasses with one dis-

play per eye. By tracking the movements of the head, the virtual scenery is updated to

follow user movements. In augmented reality, computer-generated scenes are overlaid

on to of the real-world. Also in this case movements are tracked and the scenery is

updated as the user moves. Mixed reality refers to use cases that are somewhere between

AR and VR.

The development in the area of XR is rapid and XR glasses with reasonable size and

weight start to appear commercially. This has triggered a huge interest in supporting these

types of applications also in cellular networks and 3GPP therefore investigates potential
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enhancements to NR for better support of XR services [114]. XR is a demanding service

in several respects. First, relatively high data rates are needed for the video information,

both in the downlink to the XR glasses but also in the uplink from head-mounted cam-

eras. Secondly, low latency is critical as the user may suffer motion sickness if the

computer-generated picture is not updated fat enough. Sometimes the term motion-to-

photon latency is used, which includes not only the data transfer part but also any video

coding and video processing performed. Finally, the capacity required in a network with

multiple XR users can be very large.

Although XR can be provided using NR with no specific enhancements, release 18

includes some enhancements to increase the capacity for this type of services [115]. The

enhancements are primarily related to more efficient scheduling, for example improve-

ments to configured grants and enhanced buffer-status reports. DRXmechanismsmatch-

ing typical XR frame rates is another enhancement, aiming at extending the battery

lifetime when using these types of services.

5.2.17 Unmanned aerial vehicles and drones
Unmanned aerial vehicles (UAVs), also known as drones, are aircrafts without any

human pilot or crew. Although originally developed for military applications, they have

quickly found multiple non-military uses as well, for example aerial photo, surveillance,

and cargo delivery. Using cellular networks to control these drones is an attractive option

and release 18 introduces a number of enhancements in this area [116]. NRwas originally

designed for terrestrial usage with base stations and devices on the ground, but the flexible

NR framework facilitates straightforward support of drones flying in the air. One major

difference compared to a fully terrestrial deployment is that a drone may see multiple cells

at the same time, motivating the introduction of neighboring-cell measurement reports

based on multiple cells. Other enhancements introduced include altitude-triggered

device measurement reports and flight path reporting.

5.2.18 Duplex flexibility
NR is designed to support a wide range of duplex technologies – dynamic TDD, half-

duplex FDD, and full-duplex FDD. All these duplex technologies assume that base sta-

tion (or device) transmission and reception is separated at least in time or frequency. This

separation greatly simplifies handling of self-interference. True full-duplex operation,

that is, simultaneous transmission and reception on the same time/frequency resources,

would suffer from significant interference that needs to be handled but can potentially

offer benefits as well. For example, latency in a TDD network is strongly impacted by

the uplink-downlink split, which often is semi-statically set in a wide area network,

and data cannot be transmitted until the radio channel is the “right direction” (uplink

for uplink data, downlink for downlink data). If data could be transmitted at any point
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in time, regardless of a static uplink-downlink split, a reduced latency could be achieved.

There may also be coverage and capacity benefits in some cases as data can be (contin-

uously) transmitted in both directions at the same time. Proper handling of the self--

interference and, even more important, inter-cell interference is crucial – and

extremely challenging – if these benefits are to be harvested [117,118].

To investigate the feasibility and potential benefits for full duplex, a study is carried

out in release 18 [119]. The focus is on subband full duplex at the gNB and conventional

TDD operation at the device. In subband full duplex, uplink transmissions can occur in

parts of the downlink slots, see Fig. 5.16. Self-interference is suppressed by the appropri-

ate antenna design, linearization, and digital interference cancellation.

5.2.19 Network energy efficiency enhancements
Network energy efficiency is a very important aspect for an operator, both from a cost

perspective and from a environmental angle (reduction of CO2 emissions). This was

identified early in the 5G design and was one of the major reasons behind the ultra-lean

design (see Section 5.1.2). Implementations of 5G radio networks exploits the benefits

from the ultra-lean design and modern 5G radio equipment consume considerably less

energy than corresponding 4G equipment. To further improve network energy efficient,

release 18 includes a study item [120] on network energy savings for NR. A range of

techniques are studied, for example SSB-less cells and DRX/DTX also in the base sta-

tion. Some of these techniques may become part of release 19, but is also valuable input

for the future design of 6G.

5.2.20 Artificial intelligence and machine learning
In recent years, artificial intelligence (AI) and machine learning (ML) has been success-

fully applied to various problems such as image recognition and natural language inter-

action. To no surprise, AI/ML is being applied to many other areas as well and radio

communication networks is no exception with a huge number of research papers study-

ing the applicability of AI/ML to radio resource management as well as physical layer

problems. The set of problems benefitting from AI/ML is still under discussion, but

in general complex non-linear problems with access to vast amounts of data for training

may benefit more than confined, mathematically well-defined (linear) problems. Already

(dynamic) TDD subband full duplex “true” full duplex
time

DL DL DL UL

Fig. 5.16 TDD, subband full duplex, and "true" full duplex.
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today, radio resource management, for example secondary carrier activation and hand-

over decisions, can be implemented using AI/ML without explicit specification support.

To investigate the applicability of AI/ML to cellular communication and what spec-

ification support that might be needed, 3GPP has started a study in release 18 [121],

focusing on three areas:

• CSI feedback, for example reduced overhead and/or improved accuracy;

• Beam management, for example beam prediction to reduce overhead and more accu-

rate beam selection; and

• Positioning, for example ways to improve the accuracy in different (non-line-of-sight)

scenarios.

The study will also familiarize 3GPP with AI/MML techniques and how such enhance-

ments can be captured in the specifications, something which is very useful not only from

an NR evolution perspective but also for a future 6G standard.
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CHAPTER 6

Radio-interface architecture

This chapter contains a brief overview of the overall architecture of an NR radio-access

network and the associated core network, followed by descriptions of the radio-access

network user-plane and control-plane protocols.

6.1 Overall system architecture

In parallel to the work on the NR (New Radio) radio-access technology in 3GPP, the

overall system architectures of both the Radio-Access Network (RAN) and the Core Net-

work (CN) were revisited, including the split of functionality between the two networks.

The RAN is responsible for all radio-related functionality of the overall network

including, for example, scheduling, radio-resource handling, retransmission protocols,

coding, and various multi-antenna schemes. These functions will be discussed in detail

in the subsequent chapters.

The 5G core network is responsible for functions not related to the radio access but

needed for providing a complete network. This includes, for example, authentication,

security, charging functionality, and setup of end-to-end connections. Handling these

functions separately, instead of integrating them into the RAN, is beneficial as it allows

for several radio-access technologies to be served by the same core network.

In addition to the 6G core, it is possible to connect the NR radio-access network also

to the legacy LTE (Long-Term Evolution) core network known as the Evolved Packet

Core (EPC). In fact, this is the case when operating NR in non-stand-alone mode where

LTE and EPC handle functionality like connection set-up and mobility. Thus, the LTE

and NR radio-access schemes and their corresponding core networks are closely related,

unlike the transition from 3G to 4G where the 4G LTE radio-access technology cannot

connect to a 3G core network.

Although this book focuses on the NR radio access, a brief overview of the 5G core

network, as well as how it connects to the RAN, is useful as a background. For a detailed

description of the 5G core network see [84].

6.1.1 5G core network
The 5G core network builds upon the EPC with three new areas of enhancement

compared to EPC: service-based architecture, support for network slicing, and

control-plane/user-plane split.

95
5G/5G-Advanced Copyright © 2024 Elsevier Ltd.
https://doi.org/10.1016/B978-0-443-13173-8.00003-7 All rights reserved.

https://t.me/learningnets

https://doi.org/10.1016/B978-0-443-13173-8.00003-7


A service-based architecture is the basis for the 5G core. This means that the speci-

fication focuses on the services and functionalities provided by the core network, rather

than nodes as such. This is natural as today’s core network often is highly virtualized with

the core network functionality running on generic computer hardware.

Network slicing is a term commonly seen in the context of 5G. A network slice is a

logical network serving a certain business or customer need and consists of the necessary

functions from the service-based architecture configured together. For example, one net-

work slice can be set up to support mobile broadband applications with full mobility sup-

port and another slice can be set up to support a specific non-mobile latency-critical

industry-automation application. These slices will all run on the same underlying physical

core and radio networks, but, from the end-user application perspective, they appear as

independent networks, each with its unique capabilities. In many aspects it is similar to

configuring multiple virtual computers on the same physical computer. Edge computing,

where parts of the end-user application run close to the core network edge, can also be

part of such a network slice.

Control-plane/user-plane split is emphasized in the 5G core network architecture,

including independent scaling of the capacity of the two. For example, if more control

plane capacity is need, it is straight forward to add it without affecting the user-plane of

the network.

On a high level, the 5G core can be illustrated as shown in Fig. 6.1. The figure uses a

service-based representation, where the services and functionalities are in focus. In the

specifications there is also an alternative, reference-point description, focusing on the

point-to-point interaction between the functions, but that description is not captured

in the figure.

RAN Internet

Fig. 6.1 High-level core network architecture (service-based description).
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The user plane consists of the User Plane Function (UPF) which is a gateway between

the RAN and external networks such as the Internet. Its responsibilities include packet

routing and forwarding, packet inspection, quality-of-service handling and packet filter-

ing, and traffic measurements. It also serves as an anchor point for (inter-RAT) mobility

when necessary.

The control plane consist of several functions. The SessionManagement Function (SMF)

handles, among other functions, IP address allocation for the device (also known as User

Equipment, UE), control of policy enforcement, and general session-management func-

tions. TheAccess and Mobility Management Function (AMF) is in charge of control signaling

between the core network and the device, security for user data, idle-state mobility, and

authentication. The functionality operating between the core network, more specifically

the AMF, and the device is sometimes referred to as the Non-Access Stratum (NAS), to

separate it from the Access Stratum (AS) which handles functionality operating between

the device and the radio-access network.

In addition, the core network can also handle other types of functions, for example

the Policy Control Function (PCF) responsible for policy rules, theUnified Data Management

(UDM) responsible for authentication credentials and access authorization, the Network

Exposure Function (NEF), the NR Repository Function (NRF), the Authentication Server

Function (AUSF) handling authentication functionality, theNetwork Slice Selection Function

(NSSF) handling the slide selected to serve the device, theUnified Data Repository (UDR),

and the Application Function (AF) influencing traffic routing and interaction with policy

control. These functions are not discussed further in this book and the reader is referred to

[13,84] for further details.

It should be noted that the core network functions can be implemented inmanyways.

For example, all the functions can be implemented in a single physical node, distributed

across multiple nodes, or executed on a cloud platform.

The description above focused on the 5G core network, developed in parallel to the

NR radio access and capable of handling both NR and LTE radio accesses. However, to

allow for an early introduction of NR in existing networks, it is also possible to connect

NR to EPC, the LTE core network. This is illustrated as “option 3” in Fig. 6.2 and is also

known as “non-standalone operation” as LTE is used for control-plane functionality such

as initial access, paging, and mobility. The nodes denoted eNB and gNBwill be discussed

c u c u c uc u

Option 1 Option 2
(stand alone)

Option 3
(non-stand-alone)

Option 4

c u

Option 5

c u

Option 7

uuu

Fig. 6.2 Different combinations of core networks and radio-access technologies.
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in more detail in the next section; for the time being eNB and gNB can be thought of as

base stations for LTE and NR, respectively.

In option 3, the EPC core network is connected to the eNB. All control-plane func-

tions are handled by LTE, and NR is used only for the user-plane data. The gNB is con-

nected to the eNB and user-plane data from the EPC can be forwarded from the eNB to

the gNB. There are also variants of this: option 3a and option 3x. In option 3a, the user

plane part of both the eNB and gNB are directly connected to the EPC. In option 3x,

only the gNB user plane is connected to the EPC and user-plane data to the eNB is rou-

ted via the gNB.

For stand-alone operation, the gNB is connected directly to the 5G core as shown in

option 2. Both user-plane and control-plane functions are handled by the gNB.Option 1

is LTE and otions 4, 5, and 7 show various possibilities for connecting an LTE eNB to

the 5GCN.

6.1.2 Radio-access network
The radio-access network can have two types of nodes connected to the 5G core

network:

• a gNB, serving NR devices using the NR user-plane and control-plane protocols; or

• an ng-eNB, serving LTE devices using the LTE user-plane and control-plane

protocolsa.

A radio-access network consisting of both ng-eNBs for LTE radio access and gNBs for

NR radio access is known as an NG-RAN, although the term RAN will be used in the

following for simplicity. Furthermore, it will be assumed that the RAN is connected to

the 5G core and hence 5G terminology such as gNB will be used. In other words, the

description will assume a 5G core network and an NR-based RAN as shown in option 2

in Fig. 6.2. However, as already mentioned, the first version of NR operates in non-

standalone mode where NR is connected to the EPC using option 3. The principles

are in this case similar although the naming of the nodes and interfaces differs slightly.

The gNB (or ng-eNB) is responsible for all radio-related functions in one or several

cells, for example radio resource management, admission control, connection establish-

ment, routing of user-plane data to the UPF and control-plane information to the AMF,

and quality-of-service (QoS) flowmanagement. It is important to note that a gNB is a logical

node and not a physical implementation. One common implementation of a gNB is a

three-sector site, where a base station is handling transmissions in three cells, although

other implementations can be found as well, such as one baseband processing unit to

which several remote radio heads are connected. Examples of the latter are a large

a Fig. 6.2 is simplified as it does not make a distinction between eNB connected to the EPC and ng-eNB

connected to the 5GCN.

98 5G/5G-Advanced

https://t.me/learningnets



number of indoor cells, or several cells along a highway, belonging to the same gNB.

Thus, a base station is a possible implementation of, but not the same as, a gNB.

As can be seen in Fig. 6.3, the gNB is connected to the 5G core network by means of

theNG interface, more specifically to the UPF by means of theNG user-plane part (NG-u)

and to the AMF by means of the NG control-plane part (NG-c). One gNB can be

connected to multiple UPFs/AMFs for the purpose of load sharing and redundancy.

The Xn interface, connecting gNBs to each other, is mainly used to support dual

connectivity and lossless active-state mobility between cells by means of packet forward-

ing. It may also be used for multi-cell Radio Resource Management (RRM) functions.

There is also a standardized way to split the gNB into two parts, a central unit

(gNB-CU) and one or more distributed units (gNB-DU) using the F1 interface. In case

of a split gNB, the RRC, PDCP, and SDAP protocols, described in more detail later,

reside in the gNB-CU and the remaining protocol entities (RLC, MAC, PHY) in

the gNB-DU. However, in practice, radio resource management is split across the

CU and DU as some quantities are known in the CU and others in the DU. The

DU therefore decides on most of the RRC configuration, transmits this information

to the CU, which forwards it to the UE. This adds complexity to the CU-DU split

and in practice CU and DU are typically colocated and implemented in the same node.

The interface between the gNB (or the gNB-DU) and the device is known as theUu

interface.

5G Core Network

Xn-c
Xn-u

Fig. 6.3 Radio-access network interfaces.
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For a device to communicate at least one connection between the device and the

network is required. As a baseline, the device is connected to one cell handling all the

uplink as well as downlink transmissions. All data flows, user data as well as RRC

signaling, are handled by this cell. This is a simple and robust approach, suitable for a wide

range of deployments. However, allowing the device to connect to the network through

multiple cells can be beneficial in some scenarios. One example is user-plane aggregation

where flows from multiple cells are aggregated in order to increase the data rate. Another

example is control-plane/user-plane separation where the control plane communication

is handled by one node and the user plane by another. The scenario of a device connected

to two cellsb is known as dual connectivity.

Dual connectivity between LTE and NR is of particular importance as it is the basis

for non-stand-alone operation using option 3 as illustrated in Fig. 6.4. The LTE-based

master cell handles control-plane and (potentially) user-plane signaling, and the

NR-based secondary cell handles user-plane only, in essence boosting the data rates.

Dual connectivity between NR and NR is not part of the December 2017 version of

release 15 but is possible in the final June 2018 version of release 15.

6.2 Radio protocol architecture

With the overall network architecture in mind, the RAN protocol architecture for the

user and control planes can be discussed. Fig. 6.5 illustrates the RAN protocol architec-

ture. The AMF is, as discussed in the previous section, not part of the RAN but is

included in the figure for completeness. Furthermore, user data from the internet enters

the SDAP via the UPF in the core network although this is not shown in the figure.

c u

c u u

llecyradnoceSllecretsaM

u

Fig. 6.4 LTE-NR dual connectivity using option 3.

b Actually, two cell groups, the master cell group (MCG) and the secondary cell group (SCG) in case of carrier

aggregation as carrier aggregation implies multiple cells in each of the two cell groups.
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A general overview of the NR protocol architecture for the downlink is illustrated in

Fig. 6.6 (the names of the protocol layers will be described later). Many of the protocol

layers are similar to those in LTE, although there are some differences as well. One of the

differences is the QoS handling in NRwhen connected to a 5G core network, where the

user-plane SDAP protocol layer accepts one or more QoS flows carrying IP packets

according to their QoS requirements. In case of NR connected to the EPC, the SDAP

is not used.

As will become clear in the subsequent discussion, not all the entities illustrated in

Fig. 6.6 are applicable in all situations. For example, ciphering is not used for broadcasting

of the basic system information, and SDAP is not used for control plane messages. The

uplink protocol structure is similar to the downlink structure in Fig. 6.6, although there

are some differences with respect to, for example, transport-format selection and the

control of logical-channel multiplexing.

For each connected device, there is one or more PDU sessions, each with one or more

QoS flows and data radio bearers (DRBs) in the user plane carrying the user data. Multiple

DRBs can be configured, for example to handle different traffic priorities. In a similar

manner, there are signaling radio bearers (SRBs) to handle control-plane messages. Up

to four different SRB types can be used: SRB0 for RRC messages using common chan-

nels, SRB1 for RRC messages (and piggybacked NAS messages) using dedicated chan-

nels, SRB2 for NAS messages after security being configured, and SRB3 for certain

RRC messages in case of non-standalone operation.

The different protocol entities of the radio-access network are summarized below and

described in more detail in the following sections:

• Service Data Application Protocol (SDAP) is responsible for mappingQoS bearers to radio

bearers according to their quality-of-service requirements. This protocol layer is not

PHY

MAC

RLC

PDCP

RRC

User plane Control planeUser plane Control plane

PHY

MAC

RLC

PDCP

RRC

NAS NAS

AMFgNBUE

SDAPSDAP

SRB

SRB

DRB

RLC channel

Logical channel

Transport channel

Fig. 6.5 User plane and control plane protocol stack.
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present in LTE but introduced in NRwhen connecting the user plane to the 5G core

network due to the new quality-of-service handling.

• Packet Data Convergence Protocol (PDCP) performs IP header compression, ciphering,

and integrity protection. It also handles retransmissions, in-sequence delivery, and

duplicate removalc in the case of handover. For dual connectivity with split bearers,

PDCP can provide routing and duplication. Duplication and transmission from dif-

ferent cells can be used to provide diversity for services requiring very high reliability.

There is one PDCP entity per radio bearer configured for a device.

Multiplexing

Header compression
Ciphering

Reordering, 
retransmission

Segmentation, ARQ

Header compression
Ciphering

Reordering, 
retransmission

Segmentation, ARQ

Hybrid ARQ

QoS flow handling

Coding
CBG retransmission

Antenna and 
resource mapping

QoS flows

Radio bearer

RLC channels

Transport channel

Logical channels

SDAP

PDCP

RLC

MAC

PHY

To other cells in case 
of dual connectivity

To additional  cells 
in case of carrier 
aggregation

Fig. 6.6 NR downlink protocol architecture as seen from the device.

c Duplicate detection is part of the June 2018 release and not present in the December 2017 release of NR.

102 5G/5G-Advanced

https://t.me/learningnets



• Radio-Link Control (RLC) is responsible for segmentation and retransmission handling.

The RLC provides services to the PDCP in the form of RLC channels. There is one

RLC entity per RLC channel (and hence per radio bearer) configured for a device.

Unlike LTE, the NR RLC does not support in-sequence delivery of data to higher

protocol layers, a change motivated by the reduced delays as discussed below.

• Medium-Access Control (MAC) handles multiplexing of logical channels, hybrid-ARQ

retransmissions, and scheduling and scheduling-related functions. The scheduling

functionality is located in the gNB for both uplink and downlink. The MAC provides

services to the RLC in the form of logical channels. The header structure in the MAC

layer has been designed to allow for efficient support of low-latency processing.

• Physical Layer (PHY) handles coding/decoding, modulation/demodulation, multi-

antenna mapping, and other typical physical-layer functions. The physical layer offers

services to the MAC layer in the form of transport channels.

To summarize the flow of downlink user data through all the protocol layers, an example

illustration with three IP packets, two on one radio bearer and one on another radio

bearer, is given in Fig. 6.7. In this example, there are two radio bearers and one RLC

SDU is segmented and transmitted in two different transport blocks. The data flow in

the case of uplink transmission is similar.

The SDAP protocol maps the IP packets to the different radio bearers; in this example

IP packets n and n+1 are mapped to radio bearer x and IP packet m is mapped to radio

bearer y. In general, the data entity from/to a higher protocol layer is known as a Service

Data Unit (SDU) and the corresponding entity to/from a lower protocol layer entity is

called a Protocol Data Unit (PDU). Hence, the output from the SDAP is an SDAP PDU,

which equals a PDCP SDU.

The PDCP protocol performs (optional) IP-header compression, followed by cipher-

ing, for each radio bearer. A PDCP header is added, carrying information required

for deciphering in the device as well as a sequence number used for retransmission

IP packet n

SDAP SDUH

Transport block (PHY SDU)

PDCP SDUH

RLC SDUH

IP packet n+1

SDAP SDUH

PDCP SDU

RLC SDU

H

H

MAC SDUH MAC SDUH H

IP packet m

SDAP SDUH

PDCP SDU

SDU segment

H

H

SDAP

PDCP

RLC

MAC

PHY

Radio 
bearer x

Radio 
bearer y

SDU segment

Transport block

MAC SDUH

H

MAC SDU

SDAP PDU

Fig. 6.7 Example of user-plane data flow.
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and in-sequence delivery, if configured. The output from the PDCP is forwarded to

the RLC.

The RLC protocol performs segmentation of the PDCP PDUs if necessary and adds

an RLC header containing a sequence number used for handling retransmissions. Unlike

LTE, the NR RLC is not providing in-sequence delivery of data to higher layers. The

reason is additional delay incurred by the reordering mechanism, a delay that might be

detrimental for services requiring very low latency. If needed, in-sequence delivery can

be provided by the PDCP layer instead.

The RLC PDUs are forwarded to the MAC layer, which multiplexes a number of

RLC PDUs and attaches a MAC header to form a transport block. Note that the

MAC headers are distributed across the MAC PDU such that the MAC header related

to a certain RLC PDU is located immediately prior to the RLC PDU. This is different

compared to LTE, which has all the header information at the beginning of the MAC

PDU, and is motivated by efficient low-latency processing. With the structure in

NR, the MAC PDU can be assembled “on the fly” as there is no need to assemble

the full MAC PDU before the header fields can be computed. This reduces the proces-

sing time and hence the overall latency.

The remainder of this section contains an overview of the SDAP, RLC, MAC, and

physical layers.

6.2.1 Service data adaptation protocol – SDAP
The Service Data Adaptation Protocol (SDAP), relevant for the user plane only, is

responsible for mapping between a quality-of-service flow from the 5G core network

and a data radio bearer, as well as marking the quality-of-service flow identifier (QFI) in

uplink and downlink packets. The reason for the introduction of SDAP in NR is the

quality-of-service handling when connected to the 5G core as discussed in more detail

in Section 6.4. In this case the SDAP is responsible for the mapping between QoS flows

and radio bearers as described in Section 6.4. If the gNB is connected to the EPC, as is the

case for non-standalone mode, the SDAP is not used.

6.2.2 Packet-data convergence protocol – PDCP
The PDCP protocol performs IP header compression to reduce the number of bits to

transmit over the radio interface. The header-compression mechanism is based on robust

header compression (ROHC) framework [36], a set of standardized header-compression

algorithms also used for several other mobile-communication technologies. PDCP is also

responsible for ciphering to protect against eavesdropping and, for the control plane,

integrity protection to ensure that control messages originate from the correct source.

At the receiver side, the PDCP performs the corresponding deciphering and decompres-

sion operations.
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The PDCP is also responsible for duplicate removal and (optional) in-sequence deliv-

ery, functions useful for example in case of intra-gNB handover. Upon handover, unde-

livered downlink data packets will be forwarded by the PDCP from the old (source) gNB

to the new (target) gNB. The PDCP entity in the device will also handle retransmission

of all uplink packets not yet delivered to the gNB as the hybrid-ARQ buffers are flushed

upon handover. In this case, some PDUs may be received in duplicate, both over the

connection to the old gNB and the new gNB. The PDCP will in this case remove

any duplicates. The PDCP can also be configured to perform reordering to ensure in-

sequence delivery of SDUs to higher-layer protocols if desirable.

Duplication in PDCP can also be used for additional diversity. Packets can be dupli-

cated and transmitted on multiple cells, increasing the likelihood of at least one copy

being correctly received. This can be useful for services requiring very high reliability.

At the receiving end, the PDCP duplicate removal functionality removes any duplicates.

In essence, this results in selection diversity.

Dual connectivity is another area where PDCP plays an important role. In dual

connectivity, a device is connected to two cells, or in general, two cell groupsd, theMaster

Cell Group (MCG) and the Secondary Cell Group (SCG). The two cell groups can be

handled by different gNBs. A radio bearer is typically handled by one of the cell groups,

but there is also the possibility for split bearers in which case one radio bearer is handled by

both cell groups. In this case the PDCP is in charge of distributing the data between the

MCG and the SCG as illustrated in Fig. 6.8.

PDCP

RLC

Radio bearer

RLC channels

Logical channels

RLC

llecyradnoceSllecretsaM

Fig. 6.8 Dual connectivity with split bearer.

d The reason for the term cell group is to cover also the case of carrier aggregation where there are multiple

cells, one per aggregated carriers, in each cell group.
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The June 2018 version of release 15, as well as later releases, support dual connectivity

in general while the December 2017 version of release 15 is limited to dual connectivity

between LTE and NR only. This is of particular importance as it is the basis for

non-stand-alone operation using option 3 as illustrated in Fig. 6.4. The LTE-based mas-

ter cell handles control-plane and (potentially) user-plane signaling, and the NR-based

secondary cell handles user-plane only, in essence boosting the data rates.

6.2.3 Radio-link control
The RLC protocol is responsible for segmentation of RLC SDUs from the PDCP into

suitably sized RLC PDUs. It also handles retransmission of erroneously received PDUs,

as well as removal of duplicate PDUs. Depending on the type of service, the RLC can be

configured in one of three modes – transparent mode, unacknowledged mode, and

acknowledged mode – to perform some or all of these functions. Transparent mode

is, as the name suggests, transparent and no headers are added. Unacknowledged mode

supports segmentation and duplicate detection while acknowledged mode in addition

supports retransmission of erroneous packets.

One major difference compared to LTE is that the RLC does not ensure in-sequence

delivery of SDUs to upper layers. Removing in-sequence delivery from theRLC reduces

the overall latency as later packets do not have to wait for retransmission of an earlier

missing packet before being delivered to higher layers but can be forwarded immediately.

Another difference is the removal of concatenation from the RLC protocol to allow

RLC PDUs to be assembled in advance, prior to receiving the uplink scheduling grant.

This also helps reduce the overall latency as discussed in Chapter 13.

Segmentation, one of the main RLC functions, is illustrated in Fig. 6.9. Included in the

figure is also the corresponding LTE functionality, which also supports concatenation.

Depending on the scheduler decision, a certain amount of data, that is, certain transport-

block size, is selected. As part of the overall low-latency design of NR, the scheduling

To MAC for transmission in one transport block

RLC PDU RLC PDU

RLC SDU n RLC SDU n+1 RLC SDU n+1

HH H

RLC SDU n RLC SDU n+1 RLC SDU n+1

RLC PDU RLC PDU RLC PDU

To MAC for transmission in one transport block

H H HH H H

LTE

Concatenation and 
segmentation
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Segmentation only

Fig. 6.9 RLC segmentation.
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decision in case of an uplink transmission is known to the device just before transmission, in

the order of a few OFDM symbols before. In the case of concatenation in LTE, the RLC

PDU cannot be assembled until the scheduling decision is known, which results in an

additional delay until the uplink transmission and cannotmeet the low latency requirement

of NR. By removing the concatenation from RLC, the RLC PDUs can be assembled

in advance and upon receipt of the scheduling decision the device only has to forward

a suitable number of RLC PDUs to the MAC layer, the number depending on the

scheduled transport block size. To completely fill up the transport block size, the last

RLC PDU may contain a segment of an SDU. The segmentation operation is simple.

Upon receiving the scheduling grant, the device includes the amount of data needed to

fill up the transport block and updates the header to indicate it is a segmented SDU.

The RLC retransmission mechanism is also responsible for providing error-free

delivery of data to higher layers. To accomplish this, a retransmission protocol operates

between the RLC entities in the receiver and transmitter. By monitoring the sequence

numbers indicated in the headers of the incoming PDUs, the receiving RLC can identify

missing PDUs (the RLC sequence number is independent of the PDCP sequence

number). Status reports are fed back to the transmitting RLC entity, requesting retrans-

mission of missing PDUs. Based on the received status report, the RLC entity at the

transmitter can take the appropriate action and retransmit the missing PDUs if needed.

Although the RLC is capable of handling transmission errors due to noise, unpredict-

able channel variations, and so forth, error-free delivery is in most cases handled by the

MAC-based hybrid-ARQ protocol. The use of a retransmission mechanism in the RLC

may therefore seem superfluous at first. However, as will be discussed in Chapter 13, this

is not the case and the use of bothRLC- andMAC-based retransmissionmechanisms is in

fact well motivated by the differences in the feedback signaling.

The details of RLC are further described in Section 13.2.

6.2.4 Medium-access control
TheMAC layer handles logical-channel multiplexing, hybrid-ARQ retransmissions, and

scheduling and scheduling-related functions, including handling of different numerol-

ogies. It is also responsible for multiplexing/demultiplexing data across multiple compo-

nent carriers when carrier aggregation is used.

6.2.4.1 Logical channels and transport channels
TheMAC provides services to the RLC in the form of logical channels. A logical channel is

defined by the type of information it carries and is generally classified as a control channel,

used for transmission of control and configuration information necessary for operating an

NR system, or as a traffic channel, used for the user data. The set of logical-channel types

specified for NR includes:

• The Broadcast Control Channel (BCCH), used for downlink transmission of system infor-

mation from the network to all devices in a cell. Prior to accessing the system, a device

107Radio-interface architecture

https://t.me/learningnets



needs to acquire the system information to find out how the system is configured and, in

general, how to behave properly within a cell. Note that, in the case of non-stand-alone

operation, system information is provided by the LTE system and there is no BCCH.

• The Paging Control Channel (PCCH), used for paging of devices whose location on a

cell level is not known to the network. The paging message therefore needs to be

transmitted in multiple cells. Note that, in the case of non-stand-alone operation,

paging is provided by the LTE system and there is no PCCH.

• The Common Control Channel (CCCH), used for transmission of control information

in conjunction with random access when the device has no RRC connection to the

network. SRB0 is carried on the CCCH.

• The Dedicated Control Channel (DCCH), used for transmission of control information

to/from a device. This channel is used for individual configuration of devices such as

setting various parameters in devices and carries SRBs 1, 2, and 3.

• The Dedicated Traffic Channel (DTCH), used for transmission of user data to/from a

device. This is the logical channel type used for transmission of all unicast uplink

and downlink user data on one or more DRBs.

Later releases of NR introduce support for multicast/broadcast transmission and sidelink

communication, requiring additional logical-channel types:

• The MBS Traffic Channel (MTCH), used for transmission of multicast/broadcast user

data, see Chapter 23.

• The MBS Control Channel (MCCH), used for MBS-related control information, see

Chapter 23.

• The Sidelink Broadcast Control Channel (SBCCH), used for broadcast of sidelink-related

control information, see Chapter 26.

• The Sidelink Common Control Channel (SCCH), used for sidelink control information,

see Chapter 26.

• The Sidelink Traffic Channel (STCH), used for sidelink user data between devices.

From the physical layer, the MAC layer uses services in the form of transport channels.

A transport channel is defined by how and with what characteristics the information is trans-

mitted over the radio interface. Data on a transport channel are organized into transport

blocks. Associated with each transport block is a Transport Format (TF), specifying how the

transport block is to be transmitted over the radio interface. The transport format includes

information about the transport-block size, the modulation-and-coding scheme, and the

antenna mapping. By varying the transport format, the MAC layer can thus realize dif-

ferent data rates, a process known as transport-format selection.

The following transport-channel types are defined for NR:

• TheBroadcast Channel (BCH) has a fixed transport format, provided by the specifications.

It is used for transmissionof parts of theBCCHsystem information in thedownlink,more

specifically the so-calledMaster Information Block (MIB), as described in Chapter 16.
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• The Paging Channel (PCH) is used for downlink transmission of paging information

from the PCCH logical channel. The PCH supports discontinuous reception (DRX)

to allow the device to save battery power by waking up to receive the PCH only

at predefined time instants.

• TheDownlink Shared Channel (DL-SCH) is the main transport channel used for trans-

mission of downlink data in NR. It supports key NR features such as dynamic rate

adaptation and channel-dependent scheduling in the time and frequency domains,

hybrid ARQ with soft combining, and spatial multiplexing. It also supports DRX

to reduce device power consumption while still providing an always-on experience.

The DL-SCH is also used for transmission of the parts of the BCCH system informa-

tion not mapped to the BCH. Each device has a DL-SCH per cell it is connected to. At

time instants when system information is received there is one additional DL-SCH

from the device perspective.

• TheUplink Shared Channel (UL-SCH) is the uplink counterpart to the DL-SCH – that
is, the uplink transport channel used for transmission of uplink data.

• TheRandom-Access Channel (RACH), used during random access, is also (for historical

reasons) defined as a transport channel, although it does not carry transport blocks.

Additional transport-channel types are introduced in release 16 to support sidelink

communication (see Chapter 26):

• The Sidelink Broadcast Channel (SL-BCH) to handle sidelink broadcast information.

• The Sidelink Shared Channel (SL-SCH) to carry, among other things, sidelink user data.

Part of the MAC functionality is multiplexing of different logical channels and mapping

of the logical channels to the appropriate transport channels. The mapping between

logical-channel types and transport-channel types is given in Fig. 6.10. This figure

clearly indicates how DL-SCH and UL-SCH are the main downlink and uplink

transport channels respectively. In the figures, the corresponding physical channels,

described further later, are also included together with the mapping between transport

channels and physical channels.

To support priority handling, multiple logical channels, where each logical channel

has its own RLC entity, can be multiplexed into one transport channel by the MAC

layer. At the receiver, the MAC layer handles the corresponding demultiplexing and for-

wards the RLC PDUs to their respective RLC entity. To support the demultiplexing at

the receiver, a MAC header is used. The placement of the MAC headers has been

improved compared to LTE, again with low latency operation in mind. Instead of locat-

ing all theMAC header information at the beginning of aMACPDU, which implies that

assembly of the MAC PDU cannot start until the scheduling decision is available and the

set of SDUs to include is known, the sub-header corresponding to a certainMAC SDU is

placed immediately before that SDU as shown in Fig. 6.11. This allows the PDUs to be
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Fig. 6.10 Mapping between logical, transport, and physical channels.
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preprocessed before having received the scheduling decision. If necessary, padding can be

appended to align the transport block size with those supported in NR.

The sub-header contains the identity of the logical channel (LCID) from which the

RLC PDU originated and the length of the PDU in bytes.e There is also a flag indicating

the size of the length indicator, as well as a bit reserved for future use. The LCID normally

uses 6 bits, that is, up to 32 different logical channels and 32 reserved values, but it is

possible to expand the LCID to 8 or 16 bits, referred to as eLCID. This can be useful

in, for example, IAB where a large number of logical channels may need to be handled

by the donor node.

In addition to multiplexing of different logical channels, theMAC layer can also insert

MAC control elements into the transport blocks to be transmitted over the transport chan-

nels. A MAC control element is used for inband control signaling and is identified with

reserved values in the LCID field, where the LCID value indicates the type of control

information. Both fixed and variable length MAC control elements are supported,

depending on their usage. For downlink transmissions, MAC control elements are

located at the beginning of the MAC PDU, while for uplink transmissions the MAC

control elements are located at the end, immediately before the padding (if present).

Again, the placement is chosen in order to facilitate low-latency operation in the device.

MAC control elements are, as mentioned earlier, used for inband control signaling. It

provides a faster way to send control signaling than RLC without having to resort to the

restrictions in terms of payload sizes and reliability offered by physical-layer L1/L2 con-

trol signaling (PDCCH or PUCCH). There are multiple MAC control elements, used

for various purposes, for example:

• Scheduling-related MAC control elements, such as buffer status reports and power

headroom reports used to assist uplink scheduling as described in Chapter 14 and

the configured grant confirmation MAC control element used when configuring

semi-persistent scheduling;

H H HH H H

MAC SDU n MAC SDU n+1 MAC SDU n+2

Padding

R F LCID SDU length

Reserved

Size of 
length field

Logical channel 
identifier (6 bits)

SDU length (8 or 16 bits)

MAC PDU (=transport block)

H H

MAC control elements

Fig. 6.11 MAC SDU multiplexing and header insertion (uplink case).

e LCID 0 indicates the CCCH, 1–32 different DCCHs/DTCHs/MTCHs, and the remaining values are

reserved or used for MAC control elements.
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• Random-access related MAC control elements such as the C-RNTI and contention-

resolution MAC control elements;

• Timing-advance MAC control element to handle timing advance as described in

Chapter 15;

• Activation/deactivation of previously configured component carriers;

• DRX-related MAC control elements;

• Activation/deactivation of PDCP duplication detection; and

• Activation/deactivation of CSI reporting and SRS transmission (see Chapter 8).

The MAC entity is also responsible for distributing data from each flow across the dif-

ferent component carriers, or cells, in the case of carrier aggregation. The basic principle

for carrier aggregation is independent user-plane processing of the component carriers in

the physical layer, including control signaling and hybrid-ARQ retransmissions, while

carrier aggregation is invisible above the MAC layer. Carrier aggregation is therefore

mainly seen in the MAC layer, as illustrated in Fig. 6.12, where logical channels, includ-

ing anyMAC control elements, are multiplexed to form transport blocks per component

carrier with each component carrier having its own hybrid-ARQ entity.

Both carrier aggregation and dual connectivity result in the device being connected to

more than one cell. Despite this similarity, there are fundamental differences, primarily

related to how tightly the different cells are coordinated and whether they reside in the

same or in different gNBs.

Carrier aggregation implies a very tight coordination with all the cells belonging to

the same gNB. Scheduling decisions are taken jointly for all the cells the device is con-

nected to by one joint scheduler.

Dual connectivity, on the other hand, allows for a much looser coordination between

the cells. The cells can belong to different gNBs, and they may even belong to different

radio access technologies as is the case for NR-LTE dual connectivity in case of non-

Multiplexing

Transport channels
(one per connected cell)

Logical channels

Hybrid ARQ

Cell 1 Cell 2 Cell 3

Hybr
Hybr

Fig. 6.12 Carrier aggregation.
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standalone operation. One drawback with dual connectivity is that it will, unike carrier

aggregation, typically result in approximately the same data rate as the best link, given the

loose coordination between the cells and the associated delays.

Carrier aggregation and dual connectivity can also be combined. This is the reason for

the terms master cell group and secondary cell group. Within each of the cell groups,

carrier aggregation can be used.

6.2.4.2 Hybrid ARQ with soft combining
Hybrid ARQ with soft combining provides robustness against transmission errors. As

hybrid-ARQ retransmissions are fast, many services allow for one or multiple retransmis-

sions, and the hybrid-ARQ mechanism therefore forms an implicit (closed loop) rate-

control mechanism. The hybrid-ARQ protocol is part of the MAC layer, while the

physical layer handles the actual soft combining.f

Hybrid ARQ is not applicable for all types of traffic. For example, broadcast trans-

missions, where the same information is intended for multiple devices, typically do

not rely on hybrid ARQ. Hence, hybrid ARQ is only supported for the DL-SCH

and the UL-SCH, although its usage is up to the gNB implementation.g

The hybrid-ARQ protocol uses multiple parallel stop-and-wait processes, see

Fig. 6.13. Upon receipt of a transport block, the receiver tries to decode the transport

block and informs the transmitter about the outcome of the decoding operation through

a single acknowledgment bit indicating whether the decoding was successful or if a

retransmission of the transport block is required. Note that the use of multiple parallel

Process 3

Process 2

Process 1

Process 0

1 2 3 4 5 2 6 7

1 3 4 5 2 6 7

To MAC demultiplexing

Transmitted transport blocks

Fig. 6.13 Multiple parallel hybrid-ARQ processes.

f The soft combining is done before or as part of the channel decoding, which clearly is a physical-layer

functionality. Also, the per-CBG retransmission handling is formally part pf the physical layer.
g The SL-SCH also supports hybrid-ARQ, see Chapter 26.
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hybrid-ARQ processes can result in data being delivered from the hybrid-ARQ mech-

anism out of sequence. For example, transport block 3 in the figure was successfully

decoded before transport block 2 which required retransmissions. For many applications

this is acceptable and, if not, in-sequence delivery can be provided through the PDCP

protocol. In sequence may result in longer latency; in the example in Fig. 6.13 packets

numbers 3, 4, and 5 need to be delayed until packet number 2 is correctly received before

delivering them to higher layers, while without in-sequence delivery each packet can be

forwarded as soon as it is correctly received.

An asynchronous hybrid-ARQ protocol is used for both downlink and uplink – that
is, an explicit hybrid-ARQ process number is used to indicate which process is being

addressed for the transmission. In an asynchronous hybrid-ARQ protocol, the retrans-

missions are in principle scheduled similar to the initial transmissions. The use of an asyn-

chronous uplink protocol, instead of a synchronous one as in LTE, is necessary to support

dynamic TDD where there is no fixed uplink/downlink allocation. It also offers better

flexibility in terms of prioritization between data flows and devices and is beneficial for

the extension to unlicensed spectrum operation in release 16.

One additional feature of the hybrid-ARQ mechanism is the possibility for retrans-

mission of codeblock groups, a feature that can be beneficial for very large transport blocks

or when a transport block is partially interfered by another preempting transmission. As

part of the channel-coding operation in the physical layer, a transport block is split

into one or more codeblocks with error-correcting coding applied to each of the

codeblocks. Even for modest data rates there can be multiple code blocks per transport

block and at Gbps data rates there can be hundreds of code blocks per transport block.

In many cases, especially if the interference is bursty and affects a small number of

OFDM symbols in the slot, only a few of these code blocks in the transport block

may be corrupted while the majority of code blocks are correctly received. To correctly

receive the transport block, it is therefore sufficient to retransmit the erroneous code

blocks only. At the same time, the control signaling overhead would be too large if

individual code blocks can be addressed by the hybrid-ARQ mechanism. Therefore,

codeblock groups (CBGs) are defined. If per-CBG retransmission is configured, feedback

is provided per CBG and only the erroneously received code block groups are

retransmitted (Fig. 6.14).

The hybrid-ARQmechanism will rapidly correct transmission errors due to noise or

unpredictable channel variations. As discussed earlier, the RLC is also capable of request-

ing retransmissions, which at first sight may seem unnecessary. However, the reason for

having two retransmission mechanisms on top of each other can be seen in the feedback

signaling – hybrid ARQprovides fast retransmissions but due to errors in the feedback the

residual error rate is typically too high for, for example, good TCP performance, while

RLC ensures (almost) error-free data delivery but slower retransmissions than the
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hybrid-ARQ protocol. Hence, the combination of hybrid ARQ and RLC provides an

attractive combination of small round-trip time and reliable data delivery.

6.2.5 Physical layer
The physical layer is responsible for coding, physical-layer hybrid-ARQ processing,

modulation, multi-antenna processing, and mapping of the signal to the appropriate

physical time–frequency resources. It also handles mapping of transport channels to phys-

ical channels, as shown in Fig. 6.10.

As mentioned in the introduction, the physical layer provides services to the MAC

layer in the form of transport channels. Data transmission in downlink and uplink uses the

DL-SCH and UL-SCH transport-channel types, respectively. In the case of carrier

aggregation, there is one DL-SCH (or UL-SCH) per component carrier seen by the

device.

A physical channel corresponds to the set of time–frequency resources used for trans-

mission of a particular transport channel and each transport channel is mapped to a cor-

responding physical channel, as shown in Fig. 6.10. In addition to the physical channels

with a corresponding transport channel, there are also physical channels without a cor-

responding transport channel. These channels, known as L1/L2 control channels, are

used for downlink control information (DCI), providing the device with the necessary infor-

mation for proper reception and decoding of the downlink data transmission, uplink con-

trol information (UCI) used for providing the scheduler and the hybrid-ARQ protocol

with information about the situation at the device, and sidelink control information (SCI)

used in conjunction with sidelink transmissions.

The following physical-channel types are defined for NR:

• The Physical Downlink Shared Channel (PDSCH) is the main physical channel used for

unicast data transmission, but also for transmission of, for example, paging information,

random-access response messages, and delivery of parts of the system information.

• The Physical Broadcast Channel (PBCH) carries part of the system information, required

by the device to access the network.

• The Physical Downlink Control Channel (PDCCH) is used for downlink control infor-

mation, mainly scheduling decisions, required for reception of PDSCH, and for

scheduling grants enabling transmission on the PUSCH.

• The Physical Uplink Shared Channel (PUSCH) is the uplink counterpart to the

PDSCH. There is at most one PUSCH per uplink component carrier per device.

• The Physical Uplink Control Channel (PUCCH) is used by the device to send hybrid-

ARQ acknowledgments, indicating to the gNB whether the downlink transport

block(s) was successfully received or not, to send channel-state reports aiding down-

link channel-dependent scheduling, and for requesting resources to transmit uplink

data upon.

• The Physical Random-Access Channel (PRACH) is used for random access.
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Note that some of the physical channels, more specifically the channels used for downlink

and uplink control information (PDCCH and PUCCH) do not have a corresponding

transport channel mapped to them. With the introduction of sidelink in release 16, addi-

tional physical channel types are defined, the Physical Sidelink Control Channel (PSCCH),

the Physical Sidelink Shared Channel (PSSCH), the Physical Sidelink Feedback Channel

(PSFCH), and the Physical Sidelink Broadcast Channel (PSBCH), see Chapter 26 for details.

6.3 Scheduling

One of the basic principles of NR radio access is shared-channel transmission – that is,

time–frequency resources are dynamically shared between users. The scheduler is part of

the MAC layer and controls the assignment of uplink and downlink resources in terms of

so-called resource blocks in the frequency domain and OFDM symbols and slots in the time

domain. Sidelink scheduling is treated in Chapter 26 and not discussed further in this

section.

The basic operation of the scheduler is dynamic scheduling, where the gNB takes a

scheduling decision, typically once per slot, and sends scheduling information to the

selected set of devices. Although per-slot scheduling is a common case, neither the sched-

uling decisions, nor the actual data transmission is restricted to start or end at the slot

boundaries. This is useful to support low-latency operation as well as unlicensed spectrum

operation as mentioned in Chapter 7.

Uplink and downlink scheduling are separated in NR, and uplink and downlink

scheduling decisions can be taken independent of each other (within the limits set by

the duplex scheme in case of half-duplex operation).

The downlink scheduler is responsible for (dynamically) controlling which devices to

transmit to and, for each of these devices, the set of resource blocks upon which the

device’s DL-SCH should be transmitted. Transport-format selection (selection of

transport-block size, modulation scheme, and antenna mapping) and logical-channel

multiplexing for downlink transmissions are controlled by the gNB, as illustrated in

the left part of Fig. 6.15.

The uplink scheduler serves a similar purpose, namely to (dynamically) control which

devices are to transmit on their respective UL-SCH and onwhich uplink time–frequency
resources (including component carrier). Even though the gNB scheduler determines the

transport format for the device, it is important to point out that the uplink scheduling

decision does not explicitly schedule a certain logical channel but rather the device as

such. Thus, although the gNB scheduler controls the payload of a scheduled device,

the device is responsible for selecting from which radio bearer(s) the data are taken according

to a set of rules, the parameters of which can be configured by the gNB. This is illustrated

in the right part of Fig. 6.15, where the gNB scheduler controls the transport format and

the device controls the logical-channel multiplexing.
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Although the scheduling strategy is implementation specific and not specified by

3GPP, the overall goal of most schedulers is to take advantage of the channel variations

between devices and preferably schedule transmissions to a device on resources with

advantageous channel conditions in both the time and frequency domain, often referred

to as channel-dependent scheduling.

Downlink channel-dependent scheduling is supported through channel-state informa-

tion (CSI), reported by the device to the gNB and reflecting the instantaneous downlink

channel quality in the time and frequency domains, as well as information necessary to

determine the appropriate antenna processing in the case of spatial multiplexing. In the

uplink, the channel-state information necessary for uplink channel-dependent schedul-

ing can be based on a sounding reference signal transmitted from each device for which the

gNB wants to estimate the uplink channel quality. To aid the uplink scheduler in its

decisions, the device can transmit buffer-status and power-headroom information to

the gNB using MAC control elements. This information can only be transmitted if

the device has been given a valid scheduling grant. For situations when this is not the

case, a scheduling request indicating that the device needs uplink resources is provided

as part of the uplink L1/L2 control-signaling structure (see Chapter 10).

Although dynamic scheduling is the baseline mode-of-operation, there are also pos-

sibilities for data transmission/reception without a dynamic grant. Configured grants and

semi-persistent scheduling can be used to reduce the control-signaling overhead. Release

17 also introduces small data transmission to allow small amounts of data to be transmitted

as part of the random-access procedure without explicit dynamic scheduling.
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Fig. 6.15 Transport-format selection in (a) downlink and (b) uplink.
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Downlink semi-persistent scheduling can be used in the downlink. A semi-static

scheduling pattern is signaled in advance to the device. Upon activation by L1/L2 control

signaling, which also includes parameters such as the time-frequency resources and

coding-and-modulation scheme to use, the device receives downlink data transmissions

according to the preconfigured pattern.

Uplink configured grants can be either of type 1 or type 2. The two alternatives are

fairly similar, but differs in how to activate the scheme. In type 1, RRC configures all

parameters, including the time-frequency resources and the modulation-and-coding

scheme to use, and also activates the uplink transmission according to the parameters.

Type 2, on the other hand, is similar to semi-persistent scheduling where RRC config-

ures the scheduling pattern in time. Activation is done using L1/L2 signaling which

includes the necessary transmission parameters (except the periodicity which is provides

through RRC signaling). In both type 1 and type 2, the device does not transmit in the

uplink unless there are data to convey.

When communicating the scheduling decisions to the devices, each device need to

have an identity, unique within the cell. For this purpose, the cell radio network temporary

identifier (C-RNTI) is used. There are also multiple other identities defined, for example

to transmit pagingmessages, system information, and various control messages as outlined

in Table 6.1. Many of these identities will be discussed in the upcoming chapters.

6.4 Quality-of-service handling

QoS handling is essential for the realization of network slicing. For each connected device,

there is, as described earlier, one or more PDU sessions, each with one or more QoS flows

and data radio bearers. The IP packets are mapped to the QoS flows according to the QoS

requirements, for example in terms of delay or required data rate, as part of the UDF func-

tionality in the core network. Each packet can be marked with aQoS Flow Identifier (QFI)

to assist uplinkQoS handling. The second step,mapping ofQoS flows to data radio bearers,

is done by the SDAP in the radio-access network. Thus, the core network is aware of the

service requirements while the radio-access network only maps the QoS flows to radio

bearers. The QoS-flow-to-radio-bearer mapping is not necessarily a one-to-one mapping;

multiple QoS flows can be mapped to the same data radio bearer (Fig. 6.16).

There are two ways of controlling the mapping from quality-of-service flows to data

radio bearers in the uplink: reflective mapping and explicit configuration.

In the case of reflective mapping, the device observes theQFI in the downlink packets

for the PDU session. This provides the device with knowledge about which IP flows are

mapped to which QoS flow and radio bearer. The device then uses the same mapping for

the uplink traffic.

In the case of explicit mapping, the quality-of-service flow to data radio bearer map-

ping is configured in the device using RRC signaling.
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6.5 Radio resource control

The control plane consists of NAS and RRC and is, among other things, responsible for

connection setup, mobility, and security. Establishing a connection between the device

and the network is an intricate process with many steps, including signaling between the

device and the network but also between network nodes and functionalities (see Fig. 6.17

for a simplified example).

Table 6.1 Different RNTIs and their pupose.

RNTI Purpose

C-RNTI Device identity, unique within the cell and used when

dynamically scheduling data.

MCS-C-RNTI Similar to C-RNTI but with a different modulation and

coding scheme

CS-RNTI Device identity used for semi-persistent/configured-grant

scheduling.

P-RNTI Used for paging.

SI-RNTI Used for scheduling system information.

RA-RNTI Used for the random-access response.

TC-RNTI Temporary C-RNTI, used in conjunction with random

access.

MSGB-RNTI Used for transmission of MsgB in the two-step random-access

procedure.

TPC-PUSCH-RNTI Used for transmission of PUSCH power control commands

TPC-PUCCH-RNTI Used for transmission of PUCCH power control commands

TPC-SRS-RNTI Used for transmission of SRS power control commands

INT-RNTI Used for transmission of the preemption indicator

SFI-RNTI Used for transmission of the slot-format indicator

SP-CSI-RNTI Activation of Semi-persistent CSI reporting on PUSCH

CI-RNTI Cancellation indicator used for cancelling uplink transmissions

PS-RNTI Used to control DRX behavior

SL-RNTI Dynamically scheduled sidelink transmission

SLCS-RNTI Configured sidelink transmission

SL Semi-Persistent

Scheduling V-RNTI

Used for V2X transmissions

AI-RNTI Used when transmitting the availability indicator

G-RNTI Dynamically scheduled MBS PTM transmission

G-CS-RNTI Configured scheduled multicast transmission

MCCH-RNTI Dynamically scheduled MCCH transmissions (for MBS)

PEI-RNTI Paging Early Indicator

CG-SDT-CS-RNTI Used for retransmissions when SDT is used with configured

grants

NCR-RNTI Used for controlling network-controlled repeaters
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TheNAS control-plane functionality operates between the AMF in the core network

and the device. It includes authentication, security, registration management, and mobil-

ity management (of which paging, described later, is a subfunction). It is also responsible

for assigning an IP address to a device as part of the session management functionality.

QoS flows

Radio bearers

Mapping of IP 
packets to 
QoS flows

Mapping of 
QoS flows to 
radio bearers

FPUBNgEU

stekcapPIstekcapPI

Each packet marked 
with QoS Flow ID 
(QFI)

Fig. 6.16 QoS flows and radio bearers during a PDU session.
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Fig. 6.17 Connection setup (simplified).
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The Radio Resource Control (RRC) control-plane functionality operates between the

RRC located in the gNB and the device. RRC is responsible for handling the RAN-

related control-plane procedures, including:

• Broadcast of system information necessary for the device to be able to communicate

with a cell. Acquisition of system information is described in Chapter 16.

• Transmission of core-network initiated paging messages to notify the device about

incoming connection requests. Paging is used in the idle state (described further

below) when the device is not connected to a cell. It is also possible to initiate paging

from the radio-access network when the device is in the inactive state. Indication of

system-information updates is another use of the paging mechanism, as are Earthquake

and Tsunami Warning System (ETWS) and Commercial Mobile Alert Systems (CMAS),

two systems used for public warning messages.

• Connection management, including setting up bearers and mobility. This includes

establishing an RRC context – that is, configuring the parameters necessary for com-

munication between the device and the radio-access network.

• Mobility functions such as cell (re)selection, see below.

• Measurement configuration and reporting.

• Handling of device capabilities; when connection is established the device will upon

request from the network announce its capabilities as not all devices are capable of

supporting all the functionality described in the specifications. The network needs

to take these capabilities, for example the maximum number of MIMO layers a device

supports, into account when transmitting data.

RRC messages are transmitted to the device using signaling radio bearers (SRBs), using

the same set of protocol layers (PDCP, RLC, MAC and PHY) as described in

Section 6.1. The SRB, more specifically SRB0, is mapped to the common control chan-

nel (CCCH) during establishment of connection and, once a connection is established,

SRBs 1, 2, and 3 are mapped to the dedicated control channel (DCCH). Control-plane

and user-plane data can be multiplexed in theMAC layer and transmitted to the device in

the same transport block. The aforementioned MAC control elements can also be used

for control of radio resources in some specific cases where low latency is more important

than ciphering, integrity protection, and reliable transfer.

6.5.1 RRC state machine
In most wireless communication systems, the device can be in different states depending

on the traffic activity. This is true also for NR and an NR device can be in one of three

RRC states, RRC_IDLE, RRC_CONNECTED, and RRC_INACTIVE (see

Fig. 6.18). The two first two RRC states, RRC_IDLE and RRC_CONNECTED,

are similar to the counterparts in LTEwhile RRC_INACTIVE is a new state introduced

in NR and not present in the original LTE design. There are also core network states not
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discussed further herein, CM_CONNECTED and CM_IDLE, depending on whether

the device has established a connection with the core network or not.

In RRC_IDLE, there is no RRC context – that is, the parameters necessary for com-

munication between the device and the network – in the radio-access network and the

device does not belong to a specific cell. From a core network perspective, the device is in

the CM_IDLE state. No data transfer may take place as the device sleeps most of the time

to reduce battery consumption. In the downlink, devices in idle state periodically wake

up to receive paging messages, if any, from the network. Mobility is handled by the

device through cell reselection, see Section 6.6.5, and paging is initiated by the core net-

work. Uplink synchronization is not maintained and hence the only uplink transmission

activity that may take place is random access, discussed in Chapter 17, to move the device

to connected state. As part of moving to a connected state, the RRC context is estab-

lished in both the device and the network.

In RRC_CONNECTED, the RRC context is established and all parameters nec-

essary for communication between the device and the radio-access network are known

to both entities. From a core network perspective, the device is in the CM_CON-

NECTED state. The cell to which the device belongs is known and the an C-RNTI

has been assigned to the device. The connected state is intended for data transfer to/from

the device, but discontinuous reception (DRX) can be configured to reduce device power

consumption (DRX is described in further detail in Section 14.5). Since there is an RRC

context established in the gNB in the connected state, leaving DRX and starting to

receive/transmit data is relatively fast as no connection setup with its associated signaling

is needed. Mobility is managed by the radio-access network as described in Section 6.6.1,

that is, the device provides neighboring-cell measurements to the network which

instructs the device to perform a handover when needed. Uplink time alignment may

or may not exist but needs to be established using random access and maintained as

described in Chapter 17 for data transmission to take place.

In LTE, only idle and connected states are supported.h A common case in practice is

to use the idle state as the primary sleep state to reduce the device power consumption.

RRC_CONNECTED
• Data transfer possible
• RRC context established
• Core network connection established
• Network-controlled mobility

RRC_INACTIVE
• No data transfer possible
• RRC context established
• Core network connection established
• Device-controlled mobility

RRC_IDLE
• No data transfer possible
• No RRC context
• No core network connection
• Device-controlled mobility

Fig. 6.18 RRC states.

h This holds for LTE connected to EPC. Starting from release 15, it is also possible to connect LTE to the 5G

core network in which case there is LTE support for the inactive state.
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However, as frequent transmissions of small packets are typical for many smartphone

applications, the result is a significant amount of idle-to-active transitions in the core net-

work. These transitions come at a cost in terms of signaling load and associated delays.

Therefore, to reduce the signaling load and in general reduce the latency, a third state is

defined in NR, the RRC_INACTIVE state.

In RRC_INACTIVE, the RRC context is kept in both the device and the gNB.

The core network connection is also kept, that is, the device is in CM_CONNECTED

from a core network perspective. Hence, transition to connected state for data transfer is

fast as no core network signaling is needed. The RRC context is already in place in the

network and inactive-to-active transitions can be handled in the radio-access network.

At the same time, the device is allowed to sleep in a similar way as in the idle state and

mobility is handled through cell reselection, that is, without involvement of the network.

Except for the small-data transmission enhancements introduced in release 17, no data

transmission can take place in RRC_INACTIVE. Thus, RRC_INACTIVE can be seen

as a mix of the idle and connected states.i

6.5.2 Radio link monitoring
Once a link has been established in connected state, the device performs radio-link mon-

itoring (RLM), that is, the estimated quality in terms of block-error rate of a hypothetical

PDCCH transmission is monitored. Based the signal-to-interference-and-noise ratio on

an SSB or CSI-RS, the device computes the corresponding block-error rate. If the block-

error rate exceeds 10%, out-of-sync is declared. Unless the block-error rate falls below

2% (the threshold for in-sync) during a certain time, radio-link failure (RLF) is declared.

Upon declaring radio-link failure, the device attempts to reestablish the connection by

selecting a suitable cell and performing random access, similar to how a connection is

initially set up. For some handover procedures discussed in the next section, more spe-

cifically DAPS and CHO, upon detecting radio-link failure the device attempts to per-

form a handover to one of the preconfigured target cells. If connection reestablishment is

not successful within a certain time, the device enters idle state and needs to go through

the full connection establishment procedure.

6.6 Mobility

Efficient mobility handling is a key part of any mobile communication system and NR is

no exception. Mobility is a large and fairly complex area, including not only the mea-

surement reports from the device but also the proprietary algorithms implemented in

i In LTE release 13, the RRC suspend/resumemechanism was introduced to provide similar functionality as

RRC_INACTIVE in NR. However, the connection to the core network is not maintained in RRC

suspend/resume.
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the radio-access network, involvement from the core network, and how to update the

routing of the data in the transport network. Mobility can also occur between different

radio-access technologies, for example between NR and LTE. Covering the whole

mobility area in detail would fill a book on its own and, in the following, only a brief

summary is provided, focusing on the radio-network aspects.

Depending on the state of the device – idle, inactive, or connected – different mobil-

ity principles are used. For the connected state, network-controlled mobility is used

where the device measures and reports the signal quality for neighboring candidate cells

and the network decides when to hand over to another cell. For the inactive and idle

states, the device is handling the mobility autonomously using cell reselection. The

two mechanisms are briefly described in the following.

6.6.1 Network-controlled mobility
In the connected state the device has a connection established to the network. The aim of

mobility in this case is to ensure that this connectivity is retained without any interruption

or noticeable degradation as the device moves within the network. The basis for this is

network-controlled mobility which comes in two flavors: beam-level mobility and cell-

level mobility, both based on filtered measurements as illustrated in Fig. 6.19.

Beam-level mobility is handled in lower layers, MAC and the physical layer, and is

essentially identical to beam management as discussed in Chapter 12. The device remains

in the same cell.

Cell-level mobility, on the other hand, implies changing the serving cell. The device

is configured with measurements to perform on candidate cells, filtering of the measure-

ments, and event-triggered reporting to the network. Since the network is in charge of

determining when the device should be moved to a different cell, the device location is

known to the network on a cell level (or possibly with even finer granularity but that is

not relevant for this discussion). Changing the serving cell typically involves RRC sig-

naling and is therefore slower than beam-level mobility, but in later releases enhance-

ments such as conditional handover and L1/L2 triggered mobility have been

introduced to speed up the cell change.

The first step in cell-level mobility, which is continuously executed when in con-

nected state, is to search for candidate cells using the cell search mechanism described

in Chapter 16. The search can be on the same frequency as the currently connected cell,

but it is also possible to search on other frequencies (or even other radio-access technol-

ogies). In the latter case, the device may need to use network-configured measurements

gaps during which data reception is stopped and the receiver is temporarily retuned to

another frequency for measurement purposes.

Once a candidate cell has been found, the device measures the reference signal received

power (RSRP, a power measurement) or reference signal received quality (RSRQ, essentially
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Fig. 6.19 Illustration of measurements and filtering for cell-level and beam-level mobility.
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a signal-to-noise-and-interference-ratio measurement). In NR, the measurements are

typically performed on the SSB, but it is also possible to measure on the CSI-RS. Filter-

ing, for example averaging over some hundred milliseconds, can be configured and is

normally used. Without averaging the measurement reports might fluctuate and result

in incorrect handover decisions and possibly ping-pong effects with the device repeatedly

moved back and forth between two cells. For stable operation, handover decisions should

be taken on the average signals strength and not account for the rapid fading phenom-

enon on millisecond time scale.

A measurement event is a condition which should be fulfilled before the measured

value is reported to the network. In NR, six different intra-RAT triggering conditions,

or events, can be configured:

• A1 (serving becomes better than threshold). One usage is to cancel an ongoing handover if

the device suddenly moves back into good coverage before the handover is

completed.

• A2 (serving becomes worse than threshold). This event does not involve any measurements

on cells other than the serving cell and can thus be used to trigger a handover when the

device moves close to the cell border.

• A3 (neighbor becomes offset better than SpCell), which compares the serving cell to a can-

didate cell. It can thus be used to trigger handover when the device moves towards the

cell edge and another cell becomes better than the current one.

• A4 (neighbor becomes better than threshold), which only considers the signal strength of

candidate cells. One possible usage is to trigger handover for load balancing reasons.

• A5 (SpCell becomes worse than threshold1 and neighbor becomes better than threshold2) which

can be used in a similar way as avent A3.

• A6 (neighbor becomes offset better than SCell), which can be used to determine which

SCells to use in a carrier aggregation scenario.

Take event A3 (neighbor becomes offset better than SpCell) as an example, illustrated in

Fig. 6.20. This event compares the filtered measurement (RSRP or RSRQ) on the can-

didate cell with the same quantity for the cell currently serving the device. A configurable

cell-specific offset can be included for both the current and the candidate cell to handle

any different in transmission power between the two. There is also a configurable thresh-

old included to avoid triggering the event if the difference between the two cells is very

small. If the measured value for the candidate cell is better than the current cell, including

the offsets and the threshold, the event is triggered, and, after a configurable delay, a mea-

surement report is transmitted to the network. The measurement report can be config-

ured to be repeated multiple times to ensure it reaches the gNB. It is also possible to

configure reporting when leaving the event.

Although the description above assumed event A3, other events can be configured

following the same framework. The configuration and choice of events to use depend
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on the mobility strategy implemented in the network for a particular deployment. In

addition to the intra-RAT events A1–A6, there are also events related to inter-RAT

mobility (B1, B2), interference levels (I1), measurements to support relays (X1, X2,

Y1, Y2) and sidelinks (C1, C2). Periodic reporting can also be specified.

The purpose of using configurable events is to avoid unnecessary measurement

reports to the network. An alternative to event-driven reporting is periodic reporting,

but this would in most cases result in a significantly higher overhead as the reports need

to be frequent enough to account for the device moving around in the network. Infre-

quent periodic reports would be preferable from an uplink overhead perspective, but

would also result in an increased risk of missing an important handover occasion. By con-

figuring the events of interest, reports are only transmitted when the situation has chan-

ged which is a much better choice [72].

Upon reception of a measurement report, the network can decide whether to

perform a handover or not. Additional information other than the measurement report

can be taken into account, such as whether there is sufficient capacity available in the

candidate target cell for the handover. The network may also decide to handover a

device to another cell even if no measurement report has been received, for example

for load balancing purposes. If the network decides to handover the device to another

cell, independent of the reason, a series of messages are exchanged, see Fig. 6.21 for a

simplified view.

The source gNB sends a handover request to the target gNB (if the source and target

cell belong to the same gNB there is no need for this message as the situation in the target

cell is already known to the gNB). If the target gNB accepts (it may reject the request, for

example if the load in that cell is too high), the source gNB instructs the device to switch

to the target cell. This is done by sending an RRC reconfiguration message to the device,

Neighboring cell RSRP

Serving cell RSRP

Offset

Hysteresis

Measurement reports

TimeToTrigger

Trigger condition Leaving condition

Measurement report

Fig. 6.20 Example of event A3.
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containing the necessary information for the device to access the target cell. To be able to

connect to the new cell, uplink synchronization is required. Therefore, the device is

instructed to perform random access toward the target cell. Once synchronization is

established, a handover complete message is sent to the target cell, indicating that the

device successfully has connected to the new cell. In parallel, any data buffered in the

source gNB are moved to the target gNB and new incoming downlink data is rerouted

to the target cell (which now is the serving cell). The handover completion part in

Fig. 6.21 also includes network-internal signaling such as switching the data routing path

to the target cell and to release the device context in the source cell.

6.6.2 Conditional handover (CHO)
The conventional, network-controlled handover procedure described above is a good

baseline solution, applicable to most cases. However, it requires the device to maintain

the connection to the source cell during the handover procedure until the handover

is completed and the device is connected to the target cell. In scenarios where

sudden changes in the received channel quality may occur, there is a risk that the radio

channel quality between the device and the source cell deteriorates to, in the worst case, a

level where the device is not able to receive the handover command from the source cell.

This will result in a radio link failure, forcing the device to the idle state and to reestablish

the connection, which clearly causes a non-negligible interruption in the connection.

To provide additional robustness in such scenarios, release 16 introduces a conditional

handover mechanism as a complement. In conditional handover, the network configures

Source gNB

Measurement report

Target gNB

Handover request

Handover acknowledgment

RRC reconfiguration

UE

Preparation

Execution

Completion

Status transfer

User data User data

User data

Core network

User data

RRC reconfiguration complete

Random access to target cell

Handover decision

Admission control

Path switch
UE context release

User data

Measure

User data

Fig. 6.21 Connected state handover (simplified view).
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the device with a list of candidate cells and, for each candidate cell, a condition when the

handover should be triggered. For example, the trigger could be that the RSRP of a can-

didate cell is better than the current serving cell. Prior to configuring the device, the

source cell ensures that the candidate target cells are capable of receiving a potential hand-

over. When the triggering condition is fulfilled, the device autonomously initiates the

handover, including performing a random access to the target cell, and sends a RRCRe-

configurationComplete message to the target cell to indicate that the handover has com-

pleted, see Fig. 6.22. This way, there is no risk of losing a handover command despite

sudden drops in channel quality towards the source cell. Once the conditional handover

is completed, the device releases the conditional handover configuration. There are also

some network-internal messages not shown in Fig. 6.22 to handle data routing between

the core network and the target gNB, similar to the case of network-controlled hand-

over. Note that L3 handover commands have precedence over conditional handover.

Conditional handovers also play an important role when extending NR to support

non-terrestrial networks as described in Chapter 25.

6.6.3 Dual active protocol stacks (DAPS)
Network-controlled mobility uses RRC signaling as described above when switching

from the source to the target cell. Processing of the RRC signaling and establishing

Target gNB

Admission control

Target gNB

Admission control

Source gNB Target gNB(s)

Handover request

Handover acknowledgment

RRC reconfiguration

UE

Preparation

Execution

RRC reconfiguration complete

Random access to selected target cell

CHO decision

Admission control

RRC reconfiguration complete

Eval CHO triggers

Release CHO conf.
Handover success

Status transfer

Handover cancel

Fig. 6.22 Conditional handover (simplified).
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the connection to the target cell takes some time, resulting in a brief interrupt in the data

transfer during the handover procedure. In most cases this is not an issue, but it is still pref-

erable to minimize this interruption time. To address this, release 16 supports dual active

protocol stacks (DAPS) to realize a make-before-break type of handover to reduce handover

interruption time. In DAPS, the data transfer between the source cell and the device con-

tinues while the device is establishing a connection to the target cell and onlywhen the new

connection is established is the device disconnected from the source cell. DAPS is beneficial

from a handover interruption time point-of-view but requires the device to be able to

maintain two connections at the same time. Although DAPS transmits all uplink data to

the source cell until the random-access procedure to the target cell has completed, uplink

transmission of control information needs to be maintained to both the cells during the

procedure to support downlink data delivery. This adds complexity to the device.

6.6.4 L1/L2-triggered mobility (LTM)
One drawback with DAPS is, as noted above, the need to maintain uplink transmission

to multiple cells. Another way to reduce the handover interruption time without the

complexity of maintaining dual protocol stacks is the L1/L2-triggered mobility

(LTM) introduced in release 18. With LTM, the device is provided with a set of

candidate cells in advance, similar to what is done with conditional handovers. Commu-

nication takes place with the source cell and the device measures to on the candidate cells,

that is, a similar approach as conventional network-controlled mobility. However, the

measurements are L1 measurements and not L3 measurements with a fairly long time

averaging as used for conventional mobility reports. Furthermore, the measurement

reports are sent to the gNB using L1/L2 signaling, not RRC signaling. This significantly

speeds up the measuring and reporting.

Based on the L1/L2 report, the gNB may take a handover decision to one of the pre-

configured cells and informs the device using aMAC control element. The device applies

the stored configuration, connects to the target cell, and indicates successful completion

of the LTM procedure, see Fig. 6.23.

One of the bigger contributors to handover interruption time is acquiring downlink

synchronization. To reduce this, it is possible to obtain downlink synchronization to the

candidate target cells prior to sending measurement reports and executing the handover

command. This speeds up the handover process further.

LTM supports both inter and intra-frequency handovers, but all the cells need to

belong to the same gNB, that is, inter-gNB handovers are not possible with LTM.

6.6.5 Idle-state mobility – cell reselection
Cell reselection is the mechanism used for device mobility in idle and inactive states.

The device by itself finds and selects the best cell to camp on and the network is not
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directly involved in the mobility events (other than providing the configuration to the

device). One reason for using a different scheme than in connected state is that the

requirements are different. For example, there is no need to worry about any handover

interruption as there is no ongoing data transmission. Low power consumption, on the

other hand, is an important aspect as a device typically spends the vast majority of their

time in idle state.

In order find the best cell to camp upon, the device searches for, and measures on,

SSBs similar to the initial cell search as described in Chapter 16. Once the device

discovers an SSB with a received power that exceeds the received power of its current

SSB by a certain threshold it reads the system information (SIB1) of the new cell to

determine (among other things) if it is allowed to camp on this particular cell.

From the perspective of device-initiated data transaction there is no need to update

the network with information about the location of the device and the idle-state mobility

procedure described so far would be sufficient. If there are data to be transmitted in the

uplink, the device can initiate the transition from idle (or inactive) state to connected state

by using random access. However, there may also be data coming to the network which

needs to be transmitted to the device and hence there is a need for a mechanism to ensure

that the device is reachable by the network. This mechanism is known as paging, where

the network notifies the device by means of a paging message. Before describing the

transmission of a paging message in Section 6.6.7, the area over which such a paging mes-

sage is transmitted, a key aspect of paging, will be discussed.

gNBUE

Detach from source,
Apply target config

Downlink synchronization

L1 measurement report

LTM decision
Cell switch (MAC-CE)

Random access

LTM complete

Preparation

Early sync
(optional)

Execution

Completion

LTM configuration

Fig. 6.23 L1/L2-triggered mobility (simplified).
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6.6.6 Tracking the device
In principle, the network could transmit the page the device over the entire coverage

of the network, by broadcasting the paging message from every cell. However, that

would obviously imply a very high overhead in terms of paging-message transmissions

as the vast majority of the paging transmissions would take place in cells where the

target device is not located. On the other hand, if the paging message is only to be

transmitted in the cell in which the device is located, there is a need to track the device

on a cell level. This would imply that the device would have to inform the network

every time it moves out of the coverage of one cell and into the coverage of another

cell. This would also lead to very high overhead, in this case in terms of the signaling

needed to inform the network about the updated device location. For this reason, a

compromise between these two extremes is typically used, where devices are only

tracked on a cell-group level:

• The network only receives new information about the device location if the device

moves into a cell outside of the current cell group;

• When paging the device, the paging message is broadcast over all cells within the

cell group.

For NR, the basic principle for such tracking is the same for idle state and inactive state

although the grouping is somewhat different in the two cases.

As illustrated in Fig. 6.24, NR cells are grouped into RAN areas, where each RAN

area is identified by an RAN Area Identifier (RAI). The RAN areas, in turn, are grouped

into even larger tracking areas, with each tracking area being identified by a Tracking Area

Identifier (TAI). Thus, each cell belongs to one RAN area and one tracking area, the iden-

tities of which are provided as part of the cell system information.

Cell Cell
Cell

Cell

RAN Areas

Tracking 
Areas

Fig. 6.24 RAN areas and tracking areas.

133Radio-interface architecture

https://t.me/learningnets



The Tracking areas are the basis for device tracking on core-network level. Each

device is assigned aUE registration area by the core network, consisting of a list of tracking

area identifiers. When a device enters a cell that belongs to a tracking area not included in

the assignedUE registration area it accesses the network, including the core network, and

performs a NAS registration update. The core network registers the device location and

updates the device UE registration area, in practice providing the device with a new

TAI list that includes the new TAI.

The reason the device is assigned a set of TAIs, that is, a set of tracking areas is to avoid

repeated NAS registration updates if a device moves back and forth over the border of

two neighbor tracking areas. By keeping the old TAI within the updated UE registration

area no new update is needed if the device moves back into the old TA.

The RAN area is the basis for device tracking on radio-access-network level. Devices

in inactive state can be assigned a RAN notification area that consists of either of the

following:

• A list of cell identities;

• A list of RAIs, in practice a list of RAN areas; or

• A list of TAIs, in practice a list of tracking areas.

Note the first case is essentially the same has having each RAN area consist of a single cell

while the last case is essentially the same as having the RAN areas coincide with the

tracking areas.

The procedure for RAN notification area updates is similar to updates of the UE

registration area. When a device enters a cell that is not directly or indirectly (via a

RAN/tracking area) included in the RAN notification area, the device accesses the

network and makes an RRC RAN notification area update. The radio network registers

the device location and updates the device RAN notification area. As a change of

tracking area always implies a change also of the device RAN area, an RRC RAN

notification area update is done implicitly every time a device makes a UE registration

update.

6.6.7 Paging
Paging is used for network-initiated connection setup when the device is in idle or

inactive states, and to convey short messages in any of the states for indication of system

information updates and/or public warningj. The same mechanism as for “normal”

j These warning messages are known as earthquake and tsunami warning system (ETWS) and commercial

mobile alert service (CMAS).
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downlink data transmission on the DL-SCH is used and the mobile device monitors the

L1/L2 control signaling for downlink scheduling assignments using a special RNTI for

paging purposes, the P-RNTI. Since the location of the device is not known on a cell

level (unless the device is in connected state), the paging message is typically transmitted

across multiple cells in the tracking area (for CN-initiated paging) or in the RAN noti-

fication are (for RAN-initiated paging).

Upon detection of a PDCCH with the P-RNTI, the device checks the PDCCH

content. Two of the bits in the PDCCH indicate one of a short message on the PDCCH,

paging information carried on the PDSCH, or both.

Short messages are relevant for all devices, irrespective of whether they are in idle,

inactive, or connected states, and the PDCCH contains (among other fields) eight bits

for the short messages. One of the eight bits indicates whether (parts of) the system infor-

mation – more specifically SIBs other than SIB6, 7, or 8 – has been updated. If so, the

device reacquires the updated SIBs as described in Chapter 16. Similarly, another of the

bits is used to indicate reception of a public warning message, for example about an ongo-

ing earthquake.

Pagingmessages are transmitted on the PDSCH, similar to user data, and the PDCCH

contains the scheduling information necessary to receive this transmission. Only devices

in idle or inactive states are concerned about paging messages as devices in active state can

be contacted by the network through other means. One paging message on the DL-SCH

can contain pages for multiple devices. A device in idle or inactive states receiving a

pagingmessage checks if it contains the identity of the device in question. If so, the device

initiates a random-access procedure to move from idle/inactive state to connected state.

As the uplink timing is unknown during in idle and inactive states, no hybrid-ARQ

acknowledgements can be transmitted and consequently hybrid ARQwith soft combin-

ing is not used for paging messages.

An efficient paging procedure should, in addition to deliver paging messages, pre-

serve power. Discontinuous reception is therefore used, allowing devices in idle or

inactive states to sleep with no receiver processing most of the time and to briefly

wake up at predefined time intervals, known as paging occasions. In a paging

occasion, which can be one or more consecutive slots, the device monitors for a

PDCCH with P-RNTI. If the device detects a PDCCH transmitted with the

P-RNTI in a paging occasion, is processes the paging message as described earlier,

otherwise it sleeps according to the paging cycle until the next paging occasion.

Release 17 provides additional enhancements for paging to further reduce the

device power consumption through an early indication of paging occasions, see

Section 14.5.7 for details.

135Radio-interface architecture

https://t.me/learningnets



The paging occasions are determined from the system frame number, the

device identity, and parameters such as the paging periodicity configured by the

network. The identity used is the so-called 5G-S-TMSI, an identity coupled to

the subscription as an idle state device does not have a C-RNTI allocated. For

RAN-initiated paging there is also the possibility to use an identity previously

configured in the device. Different paging periodicities can be configured for paging

initiated by the radio-access network (once every 32, 64, 128, or 256 frames) and the

core network.

Since different devices have different 5G-S-TMSI, they will compute different

paging instances. Hence, from a network perspective, paging may be transmitted more

often than once per 32 frames, although not all devices can be paged at all paging occa-

sions as they are distributed across the possible paging instances as shown in Fig. 6.25.

Furthermore, the cost of a short paging cycle is minimal from a network perspective

as resources not used for paging can be used for normal data transmission and are not

wasted. However, from a device perspective, a short paging cycle increases the power

consumption as the device needs to wake up frequently to monitor the paging instants.

The configuration is therefore a balance between fast paging and low device power

consumption.

Paging cycle

Paging cycle

Device #1

Device #2

gNB

Possible paging occasions

Fig. 6.25 Illustration of paging cycles.
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CHAPTER 7

Overall transmission structure

Prior to discussing the detailedNRdownlink and uplink transmission schemes, a descrip-

tion of the basic time-frequency transmission resource of NR will be provided in this

chapter, including bandwidth parts, supplementary uplink, carrier aggregation, duplex

schemes, antenna ports, and quasi-colocation.

7.1 Transmission scheme

OFDM was found to be a suitable waveform for NR due to its robustness to time

dispersion and ease of exploiting both the time and frequency domains when defining

the structure for different channels and signals. It is therefore the basic transmission

scheme for both the downlink and uplink transmission directions in NR. However, unlike

LTEwhere DFT-precoded OFDM is the sole transmission scheme in the uplink, NR uses

OFDM as the baseline uplink transmission scheme with the possibility for complementary

DFT-precodedOFDM.The reasons for DFT-precodedOFDM in the uplink are the same

as in LTE, namely to reduce the cubic metric and obtain a higher power-amplifier effi-

ciency, but the use of DFT-precoding also has several drawbacks including:

• Spatial multiplexing (“MIMO”) receivers become more complex. This was not an

issue when DFT-precoding was agreed in the first LTE release as it did not support

uplink spatial multiplexing but becomes important when supporting uplink spatial

multiplexing.

• Maintaining symmetry between uplink and downlink transmission schemes is in many

cases beneficial, something which is lost with an DFT-precoded uplink. One example

of the benefits with symmetric schemes is sidelink transmission, that is, direct trans-

missions between devices. When sidelinks were introduced in LTE, it was agreed

to keep the uplink transmission scheme which requires the devices to implement a

receiver for DFT-precodedOFDM in addition to the OFDM receiver already present

for downlink transmissions. The introduction of sidelink support in NR release 16, see

Chapter 26, was thus more straightforward as the device already had support for

OFDM transmission and reception.

Hence, NR has adopted OFDM in the uplink with complementary support for DFT-

precoding for data transmission. When DFT-precoding is used, uplink transmissions

are restricted to a single layer only while uplink transmissions of up to four layers are
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possible with OFDM (up to eight layers in release 18). Support for DFT-precoding is

mandatory in the device and the network can therefore configure DFT-precoding for

a particular device if/when needed.a

One important aspect of OFDM is the selection of the numerology, in particular the

subcarrier spacing and the cyclic prefix length. A large subcarrier spacing is beneficial

from a frequency-error perspective as it reduces the impact from frequency errors and

phase noise. It also allows implementations covering a large bandwidth with a modest

FFT size. However, for a given cyclic prefix length in microseconds, the relative over-

head increases the larger the subcarrier spacing is and from this perspective a smaller sub-

carrier spacing would be preferable. The selection of the subcarrier spacing therefore

needs to carefully balance overhead from the cyclic prefix against sensitivity to Doppler

spread/shift and phase noise.

For LTE, a choice of 15kHz subcarrier spacing and a cyclic prefix of approximately

4.7μs was found to offer a good balance between these different constraints for scenarios

for which LTE was originally designed – outdoor cellular deployments up to approxi-

mately 3GHz carrier frequency.

NR, on the other hand, is designed to support a wide range of deployment scenarios,

from large cells with sub-1GHz carrier frequency up to mm-wave deployments with

very wide spectrum allocations. Having a single numerology for all these scenarios is

not efficient or even possible. For the lower range of carrier frequencies, from below

1GHz up to a few GHz, the cell sizes can be relatively large and a cyclic prefix capable

of handling the delay spread expected in these type of deployments, a couple of micro-

seconds, is necessary. Consequently, a subcarrier spacing in the LTE range or somewhat

higher, in the range of 15–30kHz, is needed. For higher carrier frequencies approaching

the mm-wave range, implementation limitations such as phase noise become more

critical and the available channel bandwidths are larger, calling for higher subcarrier

spacings. At the same time, the expected cell sizes are smaller at higher frequencies as

a consequence of the more challenging propagation conditions. The extensive use of

beamforming at high frequencies also helps reduce the expected delay spread. Hence,

for these types of deployments a higher subcarrier spacing and a shorter cyclic prefix

are suitable.

From this discussion, it is seen that a flexible numerology is needed. NR therefore

supports a scalable numerology with a range of subcarrier spacings, based on scaling a base-

line subcarrier spacing of 15 kHz. The reason for the choice of 15kHz is coexistence with

LTE and the LTE-derived NB-IoT and eMTC on the same carrier. This is an important

requirement, for example for an operator which has deployed NB-IoT or eMTC to sup-

port machine-type communication. Unlike smartphones, such MTC devices can have a

a Thewaveform to use for the uplink random-access messages is configured as part of the system information.
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relatively long replacement cycle, 10 years or longer. Without provisioning for coexis-

tence, the operator would not be able to migrate the carrier to NR until all the MTC

devices have been replaced. Another example is gradual migration where the limited spec-

trum availabilitymay force an operator to share a single carrier between LTE andNR in the

time domain. LTE coexistence is further discussed in Chapter 18.

Consequently, 15kHz subcarrier spacing was selected as the baseline for NR. From

the baseline subcarrier spacing, subcarrier spacings ranging from 15kHz up to 240kHz

with a proportional change in cyclic prefix duration as shown in Table 7.1 are derived.

Note that 240kHz is supported for the SSB only (see Section 16.1) and not for regular

data transmission. In release 17, two additional subcarrier spacings – 480kHz and

960kHz – are added as the upper frequency limit is increased from 52.6GHz to

71GHz. Although phase noise increases as the carrier frequency increases, the two largest

subcarrier spacings are mainly motivated by the desire to support a wide carrier band-

width without increasing the FFT size. From a pure phase noise perspective, 120kHz

is feasible with the appropriate receiver-side phase noise compensation.

Although the NR physical-layer specification is band-agnostic, not all supported

numerologies are relevant for all frequency bands. For each frequency band, radio

requirements are therefore defined for a subset of the supported numerologies as

discussed in Chapter 28.

The useful symbol time Tu depends on the subcarrier spacing as shown in Table 7.1

with the overall OFDM symbol time being the sum of the useful symbol time and the

cyclic-prefix length TCP. In LTE, two different cyclic prefixes are defined, normal cyclic

prefix and extended cyclic prefix. The extended cyclic prefix, although less efficient from

a cyclic-prefix-overhead point of view, was intended for specific environments with

excessive delay spread where performance was limited by time dispersion. However,

extended cyclic prefix was not used in practical deployments (except for MBSFN trans-

mission), rendering it an unnecessary feature in LTE for unicast transmission. With this

Table 7.1 Subcarrier spacings supported by NR.

Subcarrier
spacing

Useful symbol
time, Tu

Cyclic prefix, TCP

CommentNormal Extended

15kHz 66.7μs 4.7μs – Mandatory in FR1

30kHz 33.3μs 2.3μs – Mandatory in FR1

60kHz 16.7μs 1.2μs 4.2μs Optional

120kHz 8.33μs 0.59μs – Mandatory in FR2

240kHz 4.17μs 0.29μs – Mandatory in FR2

480kHz 2.08μs 0.15μs – Introduced in release 17

960kHz 1.04μs 0.073μs – Introduced in release 17
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in mind, NR defines a normal cyclic prefix only, with the exception of 60kHz

subcarrier spacingb where both normal and extended cyclic prefix are defined for reasons

discussed below.

To provide consistent and exact timing definitions, different time intervals within

the NR specifications are defined as multiples of a basic time unit Tc¼1/

(480000 �4096).c The basic time unit Tc can thus be seen as the sampling time of an

FFT-based transmitter/receiver implementation for a subcarrier spacing of 480kHz with

an FFT size equal to 4096. This is similar to the approach taken in LTE, which uses a basic

time unit Ts¼64Tc.

7.2 Time-domain structure

In the time domain, NR transmissions are organized into frames of length 10ms, each of

which is divided into 10 equally sized subframes of length 1ms. A subframe is in turn

divided into slots consisting of 14 OFDM symbols each. On a higher level, each frame

is identified by a System Frame Number (SFN). The SFN is used to define different trans-

mission cycles that have a period longer than one frame, for example paging sleep-mode

cycles. The SFN period equals 1024, thus the SFN repeats itself after 1024 frames or

10.24 seconds. In release 17, aHyper Frame Number (HFN) is defined to handle even lon-

ger time periods of up to almost 3 hours. The HFN is incremented whenever the SFN

wraps around.

For the 15kHz subcarrier spacing, an NR slot has the same structure as an LTE sub-

frame with normal cyclic prefix. This is beneficial from an NR-LTE coexistence per-

spective and is, as mentioned above, the reason for choosing 15kHz as the basic

subcarrier spacing. However, it also means that the cyclic prefix for the first and eighth

symbols in a 15kHz slot are slightly larger than for the other symbols.

The time-domain structure for higher subcarrier spacings in NR is derived by scaling

the baseline 15kHz structure by powers of two. In essence, an OFDM symbol is split into

twoOFDM symbols of the next higher numerology, see Fig. 7.1, and 14 consecutive sym-

bols form a slot. Scaling by powers of two is beneficial as it maintains the symbol boundaries

across numerologies which simplifies mixing different numerologies on the same carrier

and this is the motivation for the higher subcarrier spacings being expressed as 2μ �15
kHzwith quantity μ being known as the subcarrier spacing configuration. For the OFDM sym-

bols with a somewhat larger cyclic prefix, the excess samples are allocated to the first of the

two symbols obtained when splitting one symbol as illustrated in Fig. 7.1.d

b 60kHz subcarrier spacing is an optional feature and not supported by all devices.
c Fractions of Tc are used for very short time durations.
d This also implies that the slot length for subcarrier spacings of 60/120/240/480/960 kHz is not exactly

0.25/0.125/0.0625/0.03125/0.015625ms as some slots have the excess samples while others do not.

140 5G/5G-Advanced

https://t.me/learningnets



Regardless of the numerology, a subframe has a duration of 1ms long and consists of

2μ slots. It thus serves as a numerology-independent time reference, which is useful espe-

cially in the case of multiple numerologies being mixed on the same carrier, while a slot is

the typical dynamic scheduling unit. In contrast, LTE with its single subcarrier spacing

uses the term subframe for both these purposes.

Since a slot is defined as a fixed number of OFDM symbols, a higher subcarrier spac-

ing leads to a shorter slot duration. In principle this can be used to support lower-latency

transmission, but as the cyclic prefix also shrinks when increasing the subcarrier spacing, it

is not a feasible approach in all deployments. Therefore, to facilitate a fourfold reduction

in the slot duration and the associated delay while maintaining a cyclic prefix similar to

the 15kHz case, an extended cyclic prefix is defined for 60kHz subcarrier spacing. How-

ever, it comes at the cost of increased overhead in terms of cyclic prefix and is a less effi-

cient way of providing low latency. The subcarrier spacing is therefore primarily selected

to meet the deployment scenario in terms of, for example, carrier frequency, expected

delay spread in the radio channel, and any coexistence requirements with LTE-based

systems on the same carrier.

An alternative and more efficient way to support low latency is to decouple the trans-

mission duration from the slot duration. Instead of changing subcarrier spacing and/or

slot duration, the latency-critical transmission uses whatever number of OFDM symbols

One subframe, Tsubframe = 1 ms

#0 #1 #9

One frame, Tframe = 10 ms

#8#2 #3 #4 #5 #6 #7

Δf = 15 kHz

Δf = 30 kHz

Δf = 60 kHz

Δf = 120 kHz

Δf = 240 kHz

One slot = 14 symbols = 0.25 ms

One slot = 14 symbols =  1 ms (same as one LTE subframe)

One slot = 14 symbols = 0.5 ms

One slot = 14 symbols = 0.125 ms

One slot = 14 symbols = 0.0625 ms

Symbols with extra samples

One slot = 14 symbols = 0.03125 ms

One slot = 14 symbols = 0.015625 ms

Δf = 480 kHz

Δf = 960 kHz

Fig. 7.1 Frames, subframes, and slots in NR.
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necessary to deliver the payload and can start at any OFDM symbol without waiting for a

slot boundary. NR therefore supports occupying only part of a slot for the transmission,

sometimes referred to as “mini-slot transmission”. In other words, the term slot is pri-

marily a numerology-dependent time reference and only loosely coupled with the actual

transmission duration.

There are multiple reasons why it is beneficial to allow transmission to occupy only a

part of a slot as illustrated in Fig. 7.2. One reason is, as already discussed, support of very

low latency. Such transmissions can also preempt an already ongoing, longer transmission

to another device as discussed in Section 14.1.2, allowing for immediate transmission of

data requiring very low latency.

Another reason is support for analog beamforming as discussed in Chapters 11 and 12,

where at most one beam at a time can be used for transmission. Different devices there-

fore need to be time-multiplexed. With the very large bandwidths available in the mm-

wave range, a few OFDM symbols can be sufficient even for relatively large payloads and

using a complete slot would be excessive.

A third reason is operation in unlicensed spectra. Unlicensed operation is not part of

release 15 but the extension to operation in unlicensed spectra in release 16 was foreseen

already at an early stage of NR design. In unlicensed spectra, listen-before-talk is typically

used to ensure the radio channel is available for transmission. Once the listen-before-talk

operation has declared the channel available, it is beneficial to start transmission imme-

diately to avoid another device occupying the channel, something which is possible with

decoupling the actual data transmission from the slot boundaries. If data transmission

would have to wait until the start of a slot boundary, there could be a risk of another

device grabbing the channel before the data transmission starts.

Channel available

Data arrival

Channel available

Efficiency loss

One slot

Long latency

Data arrival

Short latency

Unused

 snoissimsnarTseiradnuob tols ot detcirtser snoissimsnarT not restricted to slot boundaries

Useful data Useful dataUseful data

Fig. 7.2 Decoupling transmissions from slot boundaries to achieve low latency (top), more efficient
beam sweeping (middle), and better support for unlicensed spectrum (bottom).
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7.3 Frequency-domain structure

When the first release of LTEwas designed, it was decided that all devices should be capa-

ble of the maximum carrier bandwidth of 20MHz which was a reasonable assumption at

the time, given the relatively modest bandwidth compared to NR. On the other hand,

NR is designed to support very wide bandwidths, up to 400MHz for a single carrier in

release 15 and up to 2GHz in release 17. Mandating all devices to handle such wide car-

riers is not reasonable from a cost perspective. Hence, an NR device may see only a part

of the carrier and, for efficient utilization of the carrier, the part of the carrier received by

the device may not be centered around the carrier frequency. This has implications for,

among other things, the handling of the DC subcarrier.

In LTE, the DC subcarrier is not used as it may be subject to disproportionally high

interference due to, for example, local-oscillator leakage. Since all LTE devices can

receive the full carrier bandwidth and are centered around the carrier frequency, this

was straightforwarde. NR devices, on the other hand, may not be centered around

the carrier frequency and each NR device may have its DC located at different locations

in the carrier, unlike LTE where all devices typically have the DC coinciding with the

center of the carrier. Therefore, having special handling of the DC subcarrier would be

cumbersome in NR and instead it was decided to exploit also the DC subcarrier for data

as illustrated in Fig. 7.3, accepting that the quality of this subcarrier may be degraded in

some situations.

A resource element, consisting of one subcarrier during one OFDM symbol, is the smal-

lest physical resource in NR. Furthermore, as illustrated in Fig. 7.4, 12 consecutive sub-

carriers in the frequency domain are called a resource block.

Note that the NR definition of a resource block differs from the LTE definition. An

NR resource block is a one-dimensional measure spanning the frequency domain only

while LTE uses two-dimensional resource blocks of 12 subcarriers in the frequency

domain and one LTE slot in the time domain. One reason for defining resource blocks

in the frequency domain only in NR is the flexibility in time duration for different

transmissions whereas in LTE, at least in the original release, transmissions occupied a

complete slot.f

NR supports multiple numerologies on the same carrier. Since a resource block is 12

subcarriers, the frequency span measured in Hz is different. The resource block bound-

aries are aligned across numerologies such that two resource blocks at a subcarrier spacing

of Δf occupy the same frequency range as one resource block at a subcarrier spacing of

2Δf. In the NR specifications, the alignment across numerologies in terms of resource

e In case of carrier aggregation, multiple carriers may use the same power amplifier in which case the DC

subcarrier of the transmission does not necessarily coincide with the unused DC subcarrier in the LTE grid.
f There are some situations in LTE, for example the DwPTS in LTE/TDD, where a transmission does not

occupy a full slot.
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block boundaries, as well as symbol boundaries, is described throughmultiple resource grids

where there is one resource grid per subcarrier spacing and antenna port (see Section 7.9

for a discussion of antenna ports), covering the full carrier bandwidth in the frequency

domain and one subframe in the time domain (Fig. 7.5).

The resource grid models the transmitted signal as seen by the device for a given sub-

carrier spacing. However, the device needs to know where in the carrier the resource

blocks are located. In LTE, where there is a single numerology and all devices support

the full carrier bandwidth, this is straightforward. NR, on the other hand, supports

multiple numerologies and, as discussed further later in conjunction with bandwidth

parts, not all devices may support the full carrier bandwidth. Therefore, a common ref-

erence point, known as point A, together with the notion of two types of resource blocks,

One resource element

One OFDM symbol

Fig. 7.4 Resource element and resource block.

LTE

NR

Carrier center frequency, DC subcarrier used

Device 1
Device 2

Device 3

Carrier center frequency, unused DC subcarrier

Device 1
Device 2
Device 3

Device center frequency (DC subcarrier)

Device center frequency (DC subcarrier)

Fig. 7.3 Handling of the DC subcarrier in LTE and NR.
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common resource blocks and physical resource blocks, are used.g Reference point A coincides

with subcarrier 0 of common resource block 0 for all subcarrier spacings. This point

serves as a reference from which the frequency structure can be described and point

A may be located outside the actual carrier. Upon detecting an SSB as part of the initial

access (see Chapter 16), the device is signaled the location of point A as part of the broad-

cast system information (SIB1).

The physical resource blocks, which are used to describe the actual transmitted signal,

are then located relative to this reference point as illustrated in Fig. 7.6. For example,

physical resource block 0 for subcarrier spacing Δf is located m resource blocks from

reference point A or, expressed differently, corresponds to common resource block m.

Similarly, physical resource block 0 for subcarrier spacing 2Δf corresponds to common

resource block n. The starting points for the physical resource blocks are signaled

independently for each numerology (m and n in the example in Fig. 7.6), a feature that

is useful for implementing the filters necessary to meet the out-of-band emission require-

ments (see Chapter 28). The guard in Hz needed between the edge of the carrier and the

first used subcarrier is larger the larger the subcarrier spacing is, which can be accounted

for by independently setting the offset between the first used resource block and reference

point A. In the example in Fig. 7.6, the first used resource block for subcarrier spacing

2Δf is located further from the carrier edge than for subcarrier spacing Δf to avoid exces-
sively steep filtering requirements for the higher numerology or, expressed differently, to

allow a larger fraction of the spectrum to be used for the lower subcarrier spacing.

The location of the first usable resource block, which is the same as the start of the

resource grid in the frequency domain, is signaled to the device. Note that this may or

may not be the same as the first resource block of a bandwidth part (bandwidth parts are

described in Section 7.4).

An NR carrier can at most be 275 resource blocks wide, which corresponds to

275 � 12¼3300 used subcarriers. This also defines the largest possible carrier bandwidth

One subframe

One resource block – 12 subcarriers, 
subcarrier spacing 2Δf

One resource block – 12 subcarriers, 
subcarrier spacing Δf

Resource grid, 2Δf

Resource grid, Δf

Fig. 7.5 Resource grids for two different subcarrier spacings.

g There is a third type of resource block, virtual resource blocks, which are mapped to physical resource blocks

when describing the mapping of the PDSCH/PUSCH, see Chapter 9. Furthermore, in release 16,

interleaved resource blocks are defined to support unlicensed spectra, see Chapter 20.
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CRB grid for Δf

PRB grid for Δf

M-10 1 2 3 4 …

0 1 2 3 4 5 m-2 m-1 m m+1m+2 …

0 1 2 3 … n n+1 n+2 …n-2 n-1
CRB grid for 2Δf

Carrier edge

Bandwidth part #1 at Δf starts as CRB m

Bandwidth part #2 at 2Δf starts as CRB n

PRB grid for 2Δf

…

N-10 1 2 …

Spectrum allocation available for the carrier

Fig. 7.6 Common and physical resource blocks.
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in NR for each numerology. However, there is also an agreement to limit the per-carrier

bandwidth to 400MHz in release 15 and 2GHz in release 17, resulting in the maximum

carrier bandwidths of 50/100/200/400/1600/2000 MHz for subcarrier spacings of

15/30/60/120/480/960kHz, respectively as mentioned in Chapter 5.h The smallest

possible carrier bandwidth of 11 resource blocks is given by the RF requirements on

spectrum utilization (see Chapter 28). However, for the numerology used for the SSB

(see Chapter 16) at least 20 resource blocks are required and is thus the smallest practical

carrier bandwidth.

7.4 Bandwidth parts

As discussed earlier, LTE is designed under the assumption that all devices are capable of

the maximum carrier bandwidth of 20MHz. This avoided several complications, for

example around the handling of the DC subcarrier as already discussed, while having

a negligible impact on the device cost. It also allowed control channels to span the full

carrier bandwidth to maximize frequency diversity.

The same assumption – all devices being able to receive the full carrier bandwidth – is
not reasonable for NR, given the very wide carrier bandwidth supported. Consequently,

means for handling different device capabilities in terms of bandwidth support must be

included in the design. Furthermore, reception of a very wide bandwidth can be costly in

terms of device energy consumption compared to receiving a narrower bandwidth.

Using the same approach as in LTE where the downlink control channels would occupy

the full carrier bandwidth would therefore significantly increase the power consumption

of the device. A better approach is, as done inNR, to use receiver-bandwidth adaptation such

that the device can use a narrower bandwidth for monitoring control channels and to

receive small-to-medium sized data transmissions and to open the full bandwidth when

a large amount of data is scheduled.

To handle these two aspects – support for devices not capable of receiving the full

carrier bandwidth and receiver-side bandwidth adaptation – NR defines bandwidth parts

(BWPs), see Fig. 7.7. A bandwidth part is characterized by a numerology (subcarrier

spacing and cyclic prefix) and a set of consecutive resource blocks in the numerology

of the BWP, starting at a certain common resource block.

When a device enters the connected state it has obtained information from the PBCH

about the control resource set (CORESET; see Section 10.1.2) where it can find the control

channel used to schedule the remaining system information (see Chapter 16 for details). In

addition, the PBCH information defining the CORESET configuration also defines and

activates the initial bandwidth part in the downlink. The initial downlink bandwidth part

covers the same set of resource blocks as CORESET#0, unless a different value is provided

h For 960kHz, not all 3300 subcarriers are used (if they were, 3.2 GHz would be possible).
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as part of the remaining system information in SIB1. The initial active uplink bandwidth

part is obtained from the system information scheduled using the downlink PDCCH. In

case of non-standalone NR operation, the initial uplink and downlink bandwidth parts

are obtained from the configuration information provided over the LTE carrier.

Once connected, a device can be configured with up to four downlink bandwidth

parts and up to four uplink bandwidth parts for each serving cell. In the case of SUL oper-

ation (see Section 7.7), there can be up to four additional uplink bandwidth parts on the

supplementary uplink carrier.

On each serving cell, at a given time instant one of the configured downlink band-

width parts is referred to as the active downlink bandwidth part for the serving cell and one of

the configured uplink bandwidth parts is referred to as the active uplink bandwidth part for

the serving cell. For unpaired spectra a device may assume that the active downlink band-

width part and the active uplink bandwidth part of a serving cell have the same center

frequency. This simplifies the implementation as a single oscillator can be used for both

directions. The gNB can activate and deactivate bandwidth parts using the same down-

link control signaling as for scheduling information, see Chapter 10, thereby achieving

rapid switching between different bandwidth parts.

In the downlink, a device is not assumed to be able to receive downlink data trans-

missions, more specifically the PDCCH or PDSCH, outside the active bandwidth part.

Furthermore, the numerology of the PDCCH and PDSCH is restricted to the numer-

ology configured for the bandwidth part. Thus, on a given carrier, a device can only

receive one numerology at a time as multiple bandwidth parts cannot be simultaneously

active.i Mobility measurements can still be done outside an active bandwidth part but

time

frequency Switch of active bandwidth part

BWP #1 active BWP #2 active BWP #1 active

Fig. 7.7 Example of bandwidth adaptation using bandwidth parts.

i The NR structure in principle allows multiple active bandwidths parts, but no need has been identified so

far and consequently devices are only required to support a single active bandwidth part per carrier and

“transmission direction” (uplink or downlink).

148 5G/5G-Advanced

https://t.me/learningnets



require a measurement gap similar to inter-frequency measurements. Hence, a device is

not expected to monitor downlink control channels while doing measurements outside

the active bandwidth part.

In the uplink, a device transmits PUSCH and PUCCH in the active uplink band-

width part only.

Given the discussion, a relevant question is why two mechanisms, carrier aggregation

and bandwidth parts, are defined instead of using the carrier-aggregation framework

only. To some extent carrier aggregation could have been used to handle devices with

different bandwidth capabilities as well as bandwidth adaptation. However, from an

RF perspective there is a significant difference. A component carrier is associated with

various RF requirements such as out-of-band emission requirements as discussed in

Chapter 28, but for a bandwidth part inside a carrier there is no such requirement – it

is all handled by the requirements set on the carrier as such. Furthermore, from a

MAC perspective there are also some differences in the handling of, for example, hybrid

ARQ retransmissions which cannot move between component carriers but can move

between bandwidth parts on the same carrier.

7.5 Frequency-domain location of NR carriers

In principle, an NR carrier could be positioned anywhere within the spectrum and, sim-

ilar to LTE, the basic NR physical-layer specification does not say anything about the

exact frequency location of an NR carrier, including the frequency band. However,

in practice, there is a need for restrictions on where an NR carrier can be positioned

in the frequency domain to simplify RF implementation and to provide some structure

to carrier assignments in a frequency band between different operators. In LTE, a

100kHz carrier raster serves this purpose and a similar approach has been taken in

NR. However, the NR raster has a much finer granularity of 5kHz up to 3GHz carrier

frequency, 15kHz for 3 to 24.25GHz, and 60kHz above 24.25GHz. This raster has the

benefit of being a factor in the subcarrier spacings relevant for each frequency range, as

well as being compatible with the 100kHz LTE raster in bands where LTE is deployed

(below 3GHz).

In LTE, this carrier raster also determines the frequency locations a device must search

for as part of the initial access procedure. However, given the much wider carriers possible

in NR and the larger number of bands in which NR can be deployed, as well as the finer

raster granularity, performing initial cell search on all possible raster positions would be too

time consuming. Instead, to reduce the overall complexity and not spend an unreasonable

time on cell search, NR also defines a sparser synchronization raster which is used when an

NR device searches for an SSB upon initial access. A consequence of having a sparser

synchronization raster than carrier raster is that, unlike LTE, the synchronization signals

may not be centered in the carrier (see Fig. 7.8 and Chapter 16 for further details).
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7.6 Carrier aggregation

The possibility for carrier aggregation is part of NR from the first release. Similar to LTE,

multiple NR carriers can be aggregated and transmitted in parallel to/from the same

device, thereby allowing for an overall wider bandwidth and correspondingly higher

per-link data rates. The carriers do not have to be contiguous in the frequency domain

but can be dispersed, both in the same frequency band as well as in different bands, result-

ing in three different scenarios:

• Intra-band aggregation with frequency-contiguous component carriers

• Intra-band aggregation with non-contiguous component carriers

• Inter-band aggregation with non-contiguous component carriers.

Although the overall structure is the same for all three cases, the RF complexity can be

vastly different.

Up to 16 carriers, possibly of different bandwidths and different duplex schemes, can be

aggregated allowing for overall transmission bandwidths of up to 16 �400MHz¼6.4GHz

which is far beyond typical spectrum allocations. Even higher values can in theory be

obtained in release 17; aggregating 16 carriers of 2GHz results in 32GHz which is much

larger than what is needed from a practical perspective, especially as the highest subcarrier

spacing is not suitable for all frequency ranges.

A device capable of carrier aggregation may receive or transmit simultaneously on

multiple component carriers while a device not capable of carrier aggregation can access

one of the component carriers. Thus, in most respects and unless otherwise mentioned,

the physical-layer description in the following chapters applies to each component carrier

separately in the case of carrier aggregation. It is worth noting that in in the case of inter-

band carrier aggregation of multiple half-duplex (TDD) carriers, the transmission direc-

tion on different carriers does not necessarily have to be the same. This implies that a

carrier-aggregation capable TDD device may need a duplex filter, unlike the typical sce-

nario for a non-carrier-aggregation capable half-duplex device.

In the specifications, carrier aggregation is described using the term cell, that is, a

carrier-aggregation-capable device is able to receive and transmit from/to multiple cells.

One of these cells is referred to as the primary cell (PCell). This is the cell which the

device initially finds and connects to, after which one or more secondary cells (SCells)

Carrier raster

Synchronization raster

Fig. 7.8 NR carrier raster.
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can be configured once the device is in connected mode. The secondary cells can be rap-

idly activated or deactivated to meet the variations in the traffic pattern. Different devices

may have different cells as their primary cell—that is, the configuration of the primary cell

is device-specific. Furthermore, the number of carriers (or cells) does not have to be the

same in uplink and downlink. In fact, a typical case is to have more carriers aggregated in

the downlink than in the uplink. There are several reasons for this. There is typically

more traffic in the downlink than in the uplink. Furthermore, the RF complexity from

multiple simultaneously active uplink carriers is typically larger than the corresponding

complexity in the downlink.

Carrier aggregation can also be combined with dual connectivity, see Fig. 7.9. In this

case, in addition to PCells and SCells in the master cell group, there is one primary cell in

the secondary cell group, referred to as the PSCell, which is the cell used for initial access

when establishing the secondary cell group. The secondary cell group may also contain

one or more SCells. In many cases, signaling messages in each of the cell groups occur

only at the PCell and the PSCell. The term SpCell is defined to simplify the description of

such cases and refers to both the PCell and the PSCell.

Scheduling grants and scheduling assignments, or in general terms downlink control

information, is as a baseline transmitted separately per carrier scheduled, that is, there is

one PDCCH for each scheduling grant or assignment sent to the device. However, in

release 18, there is also a possibility to schedule multiple carriers using a single DCI, some-

thing that can be useful to reduce control signaling overhead.

Control information for scheduling purposes can be transmitted on either the same

cell as the corresponding data, known as self-scheduling, or on a different cell than the

corresponding data, known as cross-carrier scheduling, as illustrated in Fig. 7.10. In most

cases, self-scheduling is sufficient. Transmissions on the PCell always use self-scheduling

prior to release 17 when the possibility for an SCell to schedule the PCell is introduced.

The reason for allowing this is the, fairly typical, scenario with the PCell on lower fre-

quencies and one or more SCells on higher frequency bands. Placing the PCell on the

lower frequency band is advantageous from a coverage perspective, but at the same time

the carrier bandwidth is significantly smaller than on higher frequency bands. Restricting

the PCell to use self-scheduling may therefore result in a limitation in PDCCH resources,

something that can be alleviated by allowing cross-carrier scheduling of the PCell from

one of the SCells.

MCG SCGDual connectivity

PCell SCell SCell PSCell SCell SCell

Carrier aggregation Carrier aggregation

Fig. 7.9 PCell, SCell, and PSCell.
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7.6.1 Uplink control signaling
Carrier aggregation uses L1/L2 control signaling for the same reason as when operating

with a single carrier. The use of downlink control signaling for scheduling information

was touched upon in the previous section. There is also a need for uplink control signal-

ing, for example hybrid-ARQ acknowledgements to inform the gNB about the success

or failure of downlink data reception. As baseline, all the feedback is transmitted on the

PCell, motivated by the need to support asymmetric carrier aggregation with the number

of downlink carriers supported by a device unrelated to the number of uplink carriers. For

a large number of downlink component carriers, a single uplink carrier may thus carry a

large number of acknowledgements. To avoid overloading a single carrier, it is possible to

configure two PUCCH groups (see Fig. 7.11) where feedback relating to the first group of

carriers is transmitted in the uplink of the PCell and feedback relating to the second group

of carriers are transmitted on another cell known as the PUCCH-SCell.

When operating with TDD, uplink PUCCH transmissions may have to be deferred

until an uplink slot occurs which would contribute to the overall latency. This is the case

even if multiple uplink carriers are available as the PCell (or PUCCH-SCell) is semi-

statically configured. To mitigate this, release 17 introduced PUCCH cell switching as dis-

cussed in Chapter 21. This allows the PUCCH to be switched to another cell, known as

the PUCCH switching cell (PUCCH-sSCell). One PUCCH-sSCell can be configured

in each of the two PUCCH groups. The switching can either be dynamically or semi-

statically controlled. In the former case, the PUCCH cell indicator in the DCI selects

which of two semi-statically configured cells that should be used for the PUCCH

PCell SCell

gniludehcs reirrac-ssorCgniludehcs-fleS

grantgrant

PCell SCell

Fig. 7.10 Self scheduling and cross scheduling.

PUCCH group 1 PUCCH group 2

lleCS-HCCUPlleCP

Feedback signaling

PUCCH-sSCell PUCCH-sSCell

switch

Fig. 7.11 Multiple PUCCH groups.
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transmission. In the latter case, a semi-static pattern is configured, indicating for each of

the PUCCH groups which of the two carriers to use for PUCCH transmission.

If carrier aggregation is used, thedevicemay receiveand transmitonmultiple carriers, but

receptiononmultiple carriers is typically only needed for thehighest data rates. It is therefore

beneficial to deactivate reception of carriers not usedwhile keeping the configuration intact.

Activation and deactivation of component carriers can be done through MAC signaling

(more specifically, MAC control elements, discussed in Section 6.4.4.1) containing a bitmap

where each bit indicates whether a configured SCell should be active or not.

7.7 Supplementary uplink

In addition to carrier aggregation, NR also supports so-called supplementary uplink (SUL).

As illustrated in Fig. 7.12, SUL implies that a conventional downlink/uplink (DL/UL)

carrier pair has an associated or supplementary uplink carrier with the SUL carrier typically

operating in lower frequency bands. As an example, a downlink/uplink carrier pair oper-

ating in the 3.5GHz band could be complemented with a supplementary uplink carrier in

the 800MHz band. Although Fig. 7.12 seems to indicate that the conventional DL/UL

carrier pair operates on paired spectra with frequency separation between the downlink

and uplink carriers, it should be understood that the conventional carrier pair could

equally well operate in unpaired spectra with downlink/uplink separation by means of

TDD. This would, for example, be the case in an SUL scenario where the conventional

carrier pair operates in the unpaired 3.5GHz band.

While the main aim of carrier aggregation is to enable higher peak data rates by

increasing the bandwidth available for transmission to/from a device, the typical aim

of SUL is to extend uplink coverage, that is, to provide higher uplink data rates in power-

limited situations, by utilizing the lower path loss at lower frequencies. Furthermore, in

an SUL scenario the non-SUL uplink carrier typically has significantly larger bandwidth

compared to the SUL carrier. Thus, under good channel conditions such as the device

being located relatively close to the cell site, the non-SUL carrier typically allows for sub-

stantially higher data rates compared to the SUL carrier. At the same time, under bad

channel conditions, for example, at the cell edge, a lower-frequency SUL carrier typically

allows for significantly higher data rates compared to the non-SUL carrier, due to the

assumed lower path loss at lower frequencies. Hence, only in a relatively limited area

do the two carriers provide similar data rates. As a consequence, aggregating the

Conventional 
DL/UL carrier pair

Supplementary
uplink carrier

Association

Fig. 7.12 Supplementary uplink carrier complementing a conventional DL/UL carrier pair.
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throughput of the two carriers has in most cases limited benefits. At the same time, sched-

uling only a single uplink carrier at a time simplifies transmission protocols and in par-

ticular the RF implementation as various intermodulation interference issues are avoided.

Note that for carrier aggregation the situation is different:

• The two (or more) carriers in a carrier-aggregation scenario are often of similar band-

width and operating at similar carrier frequencies, making aggregation of the through-

put of the two carriers more beneficial;

• Each uplink carrier in a carrier aggregation scenario is operating with its own down-

link carrier, simplifying the support for simultaneous scheduling of multiple uplink

transmissions in parallel.

Hence, only one of SUL and non-SUL is transmitting and simultaneous SUL and non-

SUL transmission from a device is not possible.

One SUL scenario is when the SUL carrier is located in the uplink part of paired spec-

trum already used by LTE (see Fig. 7.13). In other words, the SUL carrier exists in an LTE/

NR uplink co-existence scenario, see also Chapter 18. In many LTE deployments, the

uplink traffic is significantly less than the corresponding downlink traffic. As a consequence,

in many deployments, the uplink part of paired spectra is not fully utilized. Deploying an

NR supplementary uplink carrier on top of the LTE uplink carrier in such a spectrum is a

way to enhance the NR user experience with limited impact on the LTE network.

Finally, a supplementary uplink can also be used to reduce latency. In the case of

TDD, the separation of uplink and downlink in the time domain may impose restrictions

on when uplink data can be transmitted. By combining the TDD carrier with a supple-

mentary carrier in paired spectra, latency-critical data can be transmitted on the

supplementary uplink immediately without being restricted by the uplink-downlink par-

titioning on the normal carrier. The same benefit can be obtained with carrier aggrega-

tion, that is, it is not a SUL-specific benefit.

7.7.1 Relation to carrier aggregation
Although SUL may appear similar to uplink carrier aggregation there are some funda-

mental differences.

LTE

NR

Conventional 
DL/UL carrier pair

SUL carrier

Fig. 7.13 SUL carrier co-existing with LTE uplink carrier.
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In the case of carrier aggregation, each uplink carrier has its own associated downlink

carrier. Formally, each such downlink carrier corresponds to a cell of its own and thus

different uplink carriers in a carrier-aggregation scenario correspond to different cells

(see left part of Fig. 7.14).

In contrast, in case of SUL the supplementary uplink carrier does not have an associated

downlink carrier of its own.Rather the supplementary carrier and the conventional uplink

carrier share the same downlink carrier. As a consequence, the supplementary uplink car-

rier does not correspond to a cell of its own. Instead, in the SUL scenario there is a single

cell with one downlink carrier and two uplink carriers (right part of Fig. 7.14).

It should be noted that in principle nothing prevents the combination of carrier aggre-

gation with an additional supplementary uplink carrier, for example, a situation with car-

rier aggregation between two cells (two DL/UL carrier pairs) where one of the cells is an

SUL cell. However, there are currently no band combinations defined for such carrier-

aggregation/SUL combinations.

A relevant question is, if there is a supplementary uplink, is there such a thing as a sup-

plementary downlink? The answer is yes – since the carrier aggregation framework allows

for the number of downlink carriers to be larger than the number of uplink carriers, some

of the downlink carriers can be seen as supplementary downlinks. One common scenario

is to deploy an additional downlink carrier in unpaired spectra and aggregate it with a

carrier in paired spectra to increase capacity and data rates in the downlink. No additional

mechanisms beyond carrier aggregation are needed and hence the term supplementary

downlink is mainly used from a spectrum point of view as discussed in Chapter 3.

7.7.2 Uplink control signaling
In the case of supplementary-uplink operation, a device is explicitly configured

(by means of RRC signaling) to transmit PUCCH on either the SUL carrier or on

the conventional (non-SUL) carrier.

In terms of PUSCH transmission, the device can be configured to transmit PUSCH

on the same carrier as PUCCH. Alternatively, a device configured for SUL operation can

be configured for dynamic selection between the SUL carrier or the non-SUL carrier. In

the latter case, the uplink scheduling grant will include an SUL/non-SUL indicator that

indicates on what carrier the scheduled PUSCH transmission should be carried. Thus,

Cell #1 Cell #2 A single cell

knilpu yratnemelppuSnoitagergga reirraC

Fig. 7.14 Carrier aggregation vs supplementary uplink.
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in the case of supplementary uplink, a device will never transmit PUSCH simultaneously

on both the SUL carrier and on the non-SUL carrier.

As described in Section 10.2, if a device is to transmit UCI on PUCCH during a time

interval that overlaps with a scheduled PUSCH transmission on the same carrier, the

device instead multiplexes the UCI onto PUSCH. The same rule is true for the SUL

scenario, that is, there is no simultaneous PUSCH and PUCCH transmission even on

different carriers. Rather, if a device is to transmit UCI on PUCCH on a carrier

(SUL or non-SUL) during a time interval that overlaps with a scheduled PUSCH trans-

mission on either carrier (SUL or non-SUL), the device instead multiplexes the UCI

onto the PUSCH.

An alternative to supplementary uplink would be to rely on dual connectivity with

LTE on the lower frequency and NR on the higher frequency. Uplink data transmission

would in this case be handled by the LTE carrier with, from a data rate perspective, ben-

efits similar to supplementary uplink. However, in this case, the uplink control signaling

related to NR downlink transmissions has to be handled by the high-frequency NR

uplink carrier as each carrier pair has to be self-contained in terms of L1/L2 control sig-

naling. Using a supplementary uplink avoids this drawback and allows L1/L2 control

signaling to exploit the lower-frequency uplink. Another possibility would be to use car-

rier aggregation, but in this case a low-frequency downlink carrier has to be configured

as well.

7.8 Duplex schemes

Spectrum flexibility is one of the key features of NR. In addition to the flexibility in

transmission bandwidth, the basic NR structure also supports separation of uplink and

downlink in time and/or frequency subject to either half duplex or full duplex operation,

all using the same single frame structure. This provides a large degree of flexibility

(Fig. 7.15):

• TDD – uplink and downlink transmissions use the same carrier frequency and are sep-

arated in time only;

• FDD – uplink and downlink transmissions use different frequencies but can occur

simultaneously; and

• Half-duplex FDD – uplink and downlink transmissions are separated in frequency and

time, suitable for simpler devices operating in paired spectra.

In principle, the same basic NR structure would also allow full duplex operation with

uplink and downlink separated neither in time, nor in frequency, although this would

result in a significant transmitter-to-receiver interference problem whose solution is still

is in the research stage and left for the future. Some investigations on how to handle
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interference in a restricted form of full duplex, known as subband full duplex, has been

carried out in release 18.

LTE also support both TDD and FDD, but unlike the single frame structure used in

NR, LTE uses two different frame structures.j Furthermore, unlike LTE where the

uplink-downlink allocation does not change over time,k the TDD operation for NR

is designed with dynamic TDD as a key technology component.

7.8.1 TDD – time-division duplex
In the case of TDD operation, there is a single carrier frequency and uplink and downlink

transmissions are separated in the time domain on a cell basis. Uplink and downlink trans-

missions are non-overlapping in time, both from a cell and a device perspective. TDD

can therefore be classified as half-duplex operation.

In LTE, the split between uplink and downlink resources in the time domain is semi-

statically configured and essentially remains constant over time. NR, on the other hand,

uses dynamic TDD as the basis where (parts of) a slot can be dynamically allocated to either

uplink or downlink as part of the scheduling decision. This enables following rapid traffic

variations which are particularly pronounced in dense deployments with a relatively small

number of users per base station. Dynamic TDD is particularly useful in small-cell and/or

isolated cell deployments where the transmission power of the device and the base station

is of the same order and the inter-site interference is reasonable. If needed, the scheduling

decisions between the different sites can be coordinated. It is much simpler to restrict the

dynamics in the uplink-downlink allocation when needed and thereby having a more static

operation than trying to add dynamics to a fundamentally static scheme, which was done

when introducing eIMTA for LTE in release 12.

frequency

fUL

fDL

time

UL/DL separation in frequency only
(FDD)

frequency

fUL

fDL

time

UL/DL separation in frequency and time
(half-duplex FDD)

frequency

fUL+DL

time

UL/DL separation in time time only
(TDD)

UL/DL separation neither in 
time, nor frequency

frequency

fUL+DL

time

Fig. 7.15 Duplex schemes.

j Originally, LTE supported frame structure type 1 for FDD and frame structure type 2 for TDD, but in later

releases frame structure type 3 was added to handle operation in unlicensed spectrum.
k In LTE Rel-12 the eIMTA feature provides some support for time-varying uplink-downlink allocation.
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One example when inter-site coordination is useful is a traditional macro-cell wide-

area deployment. In such wide-area macro-type deployments, the base station antennas

are often located above rooftop for coverage reasons – that is, relatively far above the

ground compared to the devices. This can result in (close to) line-of-site propagation

between the cell sites. Coupled with the relatively large difference in transmission power

in these types of networks, high-power downlink transmissions from one cell site could

significantly impact the ability to receive a weak uplink signal in a neighboring cell, see

Fig. 7.16. There could also be interference from uplink transmissions impacting the pos-

sibility to receive a downlink transmission in a neighboring cell, although this is typically

less of a problem as it impacts only a subset of the users in the cell.

The classical way of handling these interference problems is to (semi-)statically split

the resources between uplink and downlink in the same way across all the cells in the

network. In particular, uplink reception in one cell never overlaps in time with downlink

transmission in a neighboring cell. The set of slots (or, in general, time-domain resources)

allocated for a certain transmission direction, uplink or downlink, is identical across the

whole networks and can be seen as a simple form of inter-cell coordination, albeit on a

(semi-)static basis. Static or semi-static TDD operation is also necessary for handling

coexistence with LTE, for example when an LTE carrier and an NR carrier are using

the same sites and the same frequency band. Such restrictions in the uplink-downlink

allocation can easily be achieved as part of the scheduling implementation by using a fixed

pattern in each base station. There is also a possibility to semi-statically configure the

transmission direction of some or all of the slots as discussed in Section 7.8.3, a feature

that can allow for reduced device energy consumption as it is not necessary to monitor

for downlink control channels in slots that are a priori known to be reserved for

uplink usage.

An essential aspect of any TDD system, or half-duplex system in general, is the pos-

sibility to provide a sufficiently large guard period (or guard time), where neither downlink

nor uplink transmissions occur. This guard period is necessary for switching from down-

link to uplink transmission and vice versa and is obtained by using slot formats where the

downlink ends sufficiently early prior to the start of the uplink. The required length of

the guard period depends on several factors. First, it should be sufficiently large to provide

the necessary time for the circuitry in base stations and the devices to switch from down-

link to uplink. Switching is typically relatively fast, of the order of 20 μs or less, and in

most deployments, does not significantly contribute to the required guard time.

DL-to-UL interference

UL-to-DL interference-

Fig. 7.16 Interference scenarios is a TDD network.
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Second, the guard time should also ensure that uplink and downlink transmissions do

not interfere at the base station. This is handled by advancing the uplink timing at the

devices such that, at the base station, the last uplink subframe before the uplink-to-

downlink switch ends before the start of the first downlink subframe. The uplink timing

of each device can be controlled by the base station by using the timing advance mech-

anism, as will be elaborated upon in Chapter 15. Obviously, the guard period must be

large enough to allow the device to receive the downlink transmission and switch

from reception to transmission before it starts the (timing-advanced) uplink transmission

(see Fig. 7.17). As the timing advance is proportional to the distance to the base station,

a larger guard period is required when operating in large cells compared to small cells.

Finally, the selection of the guard period also needs to take interference between base

stations into account. In a multi-cell network, inter-cell interference from downlink

transmissions in neighboring cells must decay to a sufficiently low level before the base

station can start to receive uplink transmissions. Hence, a larger guard period than moti-

vated by the cell size itself may be required as the last part of the downlink transmissions

from distant base stations otherwise may interfere with uplink reception. The amount of

guard period depends on the propagation environments, but in some macro-cell deploy-

ments the inter-base-station interference is a non-negligible factor when determining the

guard period. Depending on the guard period, some residual interference may remain at

the beginning of the uplink period. Hence, it is beneficial to avoid placing interference-

sensitive signals at the start of an uplink burst. In Chapter 19, some release 16 enhance-

ments useful for improving the interference handling and setting of the guard period in

TDD networks are discussed.

7.8.2 FDD – frequency-division duplex
In the case of FDD operation, uplink and downlink are carried on different carrier fre-

quencies, denoted fUL and fDL in Fig. 7.15. During each frame, there is thus a full set of

slots in both uplink and downlink, and uplink and downlink transmission can occur

simultaneously within a cell. Isolation between downlink and uplink transmissions is

Slot

Guard period ensured by 
appropriate slot format 
(DL ends before UL starts)

Guard from appropriate 
timing advance

Uplink

Downlink

Timing advance

Fig. 7.17 Creation of guard time for TDD operation.
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achieved by transmission/reception filters, known as duplex filters, and a sufficiently large

duplex separation in the frequency domain.

Even if uplink and downlink transmission can occur simultaneously within a cell in

the case of FDD operation, a device may be capable of full-duplex operation or only

half-duplex operation for a certain frequency band, depending on whether or not it is

capable of simultaneous transmission/reception. In the case of full-duplex capability,

transmission and reception may also occur simultaneously at a device, whereas a device

capable of only half-duplex operation cannot transmit and receive simultaneously. Half-

duplex operation allows for simplified device implementation due to relaxed or no

duplex-filters. This can be used to reduce device cost, for example for low-end devices

in cost-sensitive applications. Another example is operation in certain frequency bands

with a very narrow duplex gap with correspondingly challenging design of the duplex

filters. In this case, full duplex support can be frequency-band dependent such that a device

may support only half-duplex operation in certain frequency bands while being capable

of full-duplex operation in the remaining supported bands. It should be noted that

full/half-duplex capability is a property of the device; the base station can operate in full

duplex irrespective of the device capabilities. For example, the base station can transmit to

one device while simultaneously receiving from another device.

From a network perspective, half-duplex operation has an impact on the sustained

data rates that can be provided to/from a single device as it cannot transmit in all

uplink subframes. The cell capacity is hardly affected as typically it is possible to

schedule different devices in uplink and downlink in a given subframe. No provision-

ing for guard periods is required from a network perspective as the network is still

operating in full duplex and therefore is capable of simultaneous transmission and

reception. The relevant transmission structures and timing relations are identical

between full-duplex and half-duplex FDD and a single cell may therefore simulta-

neously support a mixture of full-duplex and half-duplex FDD devices. Since a

half-duplex device is not capable of simultaneous transmission and reception, the

scheduling decisions must take this into account and half-duplex operation can be

seen as a scheduling restriction.

7.8.3 Slot format and slot-format indication
Returning to the slot structure discussed in Section 7.2, it is important to point out that

there is one set of slots in the uplink and another set of slots in the downlink, the reason

being the time offset between the two as a function of timing advance. If both uplink and

downlink transmission would be described using the same slot, which is often seen in var-

ious illustrations in the literature, it would not be possible to specify the necessary timing

difference between the two.
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Depending on whether the device is capable of full duplex, as is the case for FDD, or

half duplex only, as is the case for TDD, a slot may not be fully used for uplink or down-

link transmission. As an example, the downlink transmission in Fig. 7.17 had to stop prior

to the end of the slot in order to allow for sufficient time for the device to switch to from

downlink reception to uplink transmission. Since the necessary time between downlink

and uplink depends on several factors, NR defines a wide range of slot formats defining

which parts of a slot is used for uplink or downlink. Each slot format represents a

combination of OFDM symbols denoted downlink, flexible, and uplink, respectively.

The reason for having a third state, flexible, will be discussed further later, but one usage

is to handle the necessary guard period in half-duplex schemes. A subset of the slot

formats supported by NR are illustrated in Fig. 7.18. As seen in the figure, there are

downlink-only and uplink-only slot formats which are useful for full-duplex operation

(FDD), as well as partially filled uplink and downlink slots to handle the case of half-

duplex operation (TDD).

The name slot format is somewhat misleading as there are separate slots for uplink and

downlink transmissions, each filled with data in such a way that there is no simultaneous

transmission and reception in the case of TDD. Hence, the slot format for a downlink

slot should be understood as downlink transmissions can only occur in “downlink” or

“flexible” symbols, and in an uplink slot, uplink transmissions can only occur in “uplink”

or “flexible” symbols. Any guard period necessary for TDD operation is taken from the

flexible symbols.

One of the key features of NR is, as already mentioned, the support for dynamic

TDD where the scheduler dynamically determines the transmission direction. Since a

D D DD D D D DD D D DD -
D D DD D D D DD D D D --

U U UU U U U UU U U UUU
D D DD D D D DD D D DDD

- - -- - - - -- - - - - -
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Fig. 7.18 A subset of the possible slot formats in NR. (“D” is downlink, “U” is uplink, and “-” is flexible).
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half-duplex device cannot transmit and receive simultaneously, there is a need to split the

resources between the two directions. In NR, three different signaling mechanisms pro-

vide information to the device on whether the resources are used for uplink or downlink

transmission:

• Dynamic signaling for the scheduled device;

• Semi-static signaling using RRC; and

• Dynamic slot-format indication shared by a group of devices.

Some or all of these mechanisms are used in combination to determine the instantaneous

transmission direction as will be discussed later. Although the following description uses

the term dynamic TDD, the framework can in principle be applied to half-duplex oper-

ation in general, including half-duplex FDD.

The first mechanism and the basic principle is for the device to monitor for control

signaling in the downlink and transmit/receive according to the received scheduling

grants/assignments. In essence, a half-duplex device would view each OFDM symbol

as a downlink symbol unless it has been instructed to transmit in the uplink. It is up

to the scheduler to ensure that a half-duplex device is not requested to simultaneously

receive and transmit and the term slot format may not make sense. For a full-duplex-

capable device (FDD), there is obviously no such restriction, and the scheduler can inde-

pendently schedule uplink and downlink.

The general principle above is simple and provides a flexible framework. However, if

the network knows a priori that it will follow a certain uplink-downlink allocation, for

example in order to provide coexistence with some other TDD technology or to fulfill

some spectrum regulatory requirement, it can be advantageous to provide this informa-

tion to the device. For example, if it is known to a device that a certain set of OFDM

symbols is assigned to uplink transmissions, there is no need for the device to monitor for

downlink control signaling in the part of the downlink slots overlapping with these sym-

bols. This can help reduce the device power consumption. NR therefore provides the

possibility to optionally signal the uplink-downlink allocation through RRC signaling.

The RRC-signaled pattern classifies OFDM symbols as “downlink,” “flexible,” or

“uplink.” For a half-duplex device, a symbol classified as “downlink” can only be used

for downlink transmission with no uplink transmission in the same period of time. Sim-

ilarly, a symbol classified as “uplink” means that the device should not expect any over-

lapping downlink transmission. “Flexible” means that the device cannot make any

assumptions on the transmission direction. Downlink control signaling should be mon-

itored and if a scheduling message is found, the devise should transmit/receive accord-

ingly. Thus, the fully dynamic scheme outlined above is equivalent to semi-statically

declaring all symbols as “flexible.”

The RRC-signaled pattern is expressed as a concatenation of up to two sequences of

downlink-flexible-uplink, together spanning a configurable period from 0.5ms up to
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10ms. Furthermore, two patterns can be configured, one cell-specific provided as part of

system information and one signaled in a device-specific manner. The resulting pattern is

obtained by combining these two where the dedicated pattern can further restrict the

flexible symbols signaled in the cell-specific pattern to be either downlink or uplink.

Only if both the cell-specific pattern and the device-specific pattern indicate flexible

should the symbols be for flexible use (Fig. 7.19).

The third mechanism is to dynamically signal the current uplink-downlink allocation

to a group of devices monitoring a special downlink control message known as the slot-

format indicator (SFI). Similar to the previous mechanism, the slot format can indicate the

number of OFDM symbols that are downlink, flexible, or uplink, and themessage is valid

for one or more slots.

The SFI message will be received by a group of one or more devices and can be

viewed as a pointer into an RRC-configured table where each row in the table is con-

structed from a set of predefined downlink/flexible/uplink patterns one slot in duration.

Upon receiving the SFI, the value is used as an index into the SFI table to obtain the

uplink-downlink pattern for one or more slots as illustrated in Fig. 7.20. The set of pre-

defined downlink/flexible/uplink patterns are listed in the NR specifications and cover a

wide range of possibilities, some examples of which can be seen in Fig. 7.18 and in the left

part of Fig. 7.20. The SFI can also indicate the uplink-downlink situations for other cells

(cross-carrier indication).

Since a dynamically scheduled device will know whether the carrier is currently

used for uplink transmission or downlink transmission from its scheduling assign-

ment/grant, the group-common SFI signaling is primarily intended for non-scheduled

devices. In particular, it offers the possibility for the network to overrule periodic trans-

missions of uplink sounding reference signals (SRS) or downlink measurements on channel-

state information reference signals (CSI-RS). The SRS transmissions and CSI-RS

measurements are used for assessing the channel quality as discussed in Chapter 8

and can be semi-statically configured. Overriding the periodic configuration can be

useful in a network running with dynamic TDD (see Fig. 7.21 for an example

illustration).

DL Flexible UL DL Flexible UL

Period (e.g. 10 ms)

DL Flexible UL DL Flexible UL

DL Flexible UL DL Flexible UL

Cell-specific pattern

Device-specific pattern

Resulting semi-static pattern

Fig. 7.19 Example of cell-specific and device-specific uplink-downlink patterns.
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The SFI cannot override a semi-statically configured uplink or downlink period,

neither can it override a dynamically scheduled uplink or downlink transmission which

take place regardless of the SFI. However, the SFI can override a symbol period

semi-statically indicated as flexible by restricting it to be downlink or uplink. It can also

be used to provide a reserved resource; if both the SFI and the semi-static signaling

indicate a certain symbol to be flexible, then the symbol should be treated as reserved

and not be used for transmission, nor should the device make any assumptions on the

downlink transmission. This can be useful as a tool to reserve resource on an NR carrier,

for example used for other radio-access technologies or for features added to future

releases of the NR standard.

D D DD D D D DD D D DD -
D D DD D D D DD D D D --

U U UU U U U UU U U UUU

D D DD D D D DD D D DDD

- - -- - - - -- - - - - -

D D DD D D D DD D D D U-

D D DD D D D DD D D - U-

D U U- U U U UU U U UUU
...

Set of possible slot 
patterns given by NR 

specification

3
4 - 15

1
0

2

D D DD D D D DD D D D U-
D U U- U U U UU U U UUU
D D DD D D D DD D D DDDD D DD D D D DD D D D U-
D D DD D D D DD D D D U- D D DD D D D DD D D D U-
reserved

SFI Pattern
RRC configuration

SFI from PDCCH Slot format for upcoming slots

Fig. 7.20 Example of configuring the SFI table.

DL Flexible UL DL Flexible UL

Device 1
Periodic CSI-RS measurements

Device 2
Periodic SRS transmssion

Dynamic slot-format indicator
Common to device 1 and 2

Periodic SRS transmission 
overruled as SFI=DL

Periodic CSI-RS measurement
overruled as SFI=UL

Fig. 7.21 Controlling periodic CSI-RS measurements and SRS transmsisisons by using the SFI.

164 5G/5G-Advanced

https://t.me/learningnets



The description has focused on half-duplex devices in general and TDD in partic-

ular. However, the SFI can be useful also for full-duplex systems such as FDD as well,

for example to override periodic SRS transmissions. Since there are two independent

“carriers” in this case, one for uplink and one for downlink, two SFIs are needed, one

for each carrier. This is solved by using the multi-slot support in the SFI; one slot is

interpreted as the current SFI for the downlink and the other as the current SFI for

the uplink.

7.9 Antenna ports

Downlink multi-antenna transmission is a key technology of NR. Signals transmitted

from different antennas or signals subject to different and for the receiver unknown

multi-antenna precoders (see Chapter 9) will experience different “radio channels” even

if the set of antennas are located at the same site.l

In general, it is important for a device to understand what it can assume in terms of the

relationship between the radio channels experienced by different downlink transmis-

sions. This is, for example, important in order for the device to be able to understand

what reference signal(s) should be used for channel estimation for a certain downlink

transmission. It is also important in order for the device to be able to determine relevant

channel-state information, for example for scheduling and link-adaptation purposes.

For this reason, the concept of antenna port is used in NR, following the same prin-

ciples as in LTE. An antenna port is defined such that the channel over which a symbol on the

antenna port is conveyed can be inferred from the channel over which another symbol on the same

antenna port is conveyed. Expressed differently, each individual downlink transmission is

carried out from a specific antenna port, the identity of which is known to the device.

Furthermore, the device can assume that two transmitted signals have experienced the

same radio channel if and only if they are transmitted from the same antenna port.m

In practice, each antenna port can, at least for the downlink, be seen as corresponding

to a specific reference signal. A device receiver can then assume that this reference signal

can be used to estimate the channel corresponding to the specific antenna port. The ref-

erence signals can also be used by the device to derive detailed channel-state information

related to the antenna port.

The set of antenna ports defined in NR is outlined in Table 7.2. As seen in the table,

there is a certain structure in the antenna port numbering such that antenna ports for dif-

ferent purposes have numbers in different ranges. For example, downlink antenna ports

starting with 1000 are used for PDSCH. Different transmission layers for PDSCH can use

l An unknown transmitter-side precoder needs to be seen as part of the overall radio channel.
m For certain antenna ports, more specifically those that correspond to so-called demodulation reference

signals, the assumption of same radio channel is only valid within a given scheduling occasion.
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antenna ports in this series, for example 1000 and 1001 for a two-layer PDSCH trans-

mission. The different antenna ports and their usage will be discussed in more detail

in conjunction with the respective feature. Note that, even if they have the same antenna

port number, an uplink antenna port is not the same as a downlink antenna port, that is,

the numbering is separate for uplink, downlink, and sidelink.

It should be understood that an antenna port is an abstract concept that does not nec-

essarily correspond to a specific physical antenna:

• Two different signals may be transmitted in the same way from multiple physical

antennas. A device receiver will then see the two signals as propagating over a single

channel corresponding to the “sum” of the channels of the different antennas and the

overall transmission could be seen as a transmission from a single antenna port being

the same for the two signals.

• Two signals may be transmitted from the same set of antennas but with different, for

the receiver unknown, antenna transmitter-side precoders. A receiver will have to see

the unknown antenna precoders as part of the overall channel implying that the two

signals will appear as having been transmitted from two different antenna ports. It

should be noted that if the antenna precoders of the two transmissions would have

been known to be the same, the transmissions could have been seen as originating from

the same antenna port. The same would have been true if the precoders would have

been known to the receiver as, in that case, the precoders would not need to be seen as

part of the radio channel.

The last of these two aspects motivates the introduction of QCL framework as discussed

in the next section.

7.10 Quasi-colocation

Even if two signals have been transmitted from two different antennas, the channels

experienced by the two signals may still have many large-scale properties in common.

Table 7.2 Antenna ports in NR.a

Antenna port Uplink Downlink Sidelink

0000-series PUSCH and associated DM-RS – –
1000-series SRS, precoded PUSCH PDSCH PSSCH

2000-series PUCCH PDCCH PSCCH

3000-series – CSI-RS CSI-RS

4000-series PRACH SSB SSB

5000-series – PRS PSFCH

aSidelink and positioning reference signals (PRS) are introduced in release 16; see Chapters 26
and 27, respectively.
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As an example, the channels experienced by two signals transmitted from two different

antenna ports corresponding to different physical antennas at the same site will, even if

being different in the details, typically have the same or at least similar large-scale prop-

erties, for example, in terms of Doppler spread/shift, average delay spread, and average

gain. It can also be expected that the channels will introduce similar average delay.

Knowing that the radio channels corresponding to two different antenna ports have sim-

ilar large-scale properties can be used by the device receiver, for example, in the setting of

parameters for channel estimation.

In case of single-antenna transmission, this is straightforward. However, one integral

part of NR is the extensive support for multi-antenna transmission, beamforming, and

simultaneous transmission from multiple geographically separated sites. In these cases,

the channels of different antenna ports relevant for a device may differ even in terms

of large-scale properties.

For this reason, the concept of quasi-colocation (QCL) with respect to antenna ports is

part of NR. A device receiver can assume that the radio channels corresponding to two

different antenna ports have the same large-scale properties in terms of specific parameters

such as average delay spread, Doppler spread/shift, average delay, and spatial Rx param-

eters if and only if the antenna ports are specified as being quasi-colocated.Whether or not

two specific antenna ports can be assumed to be quasi-colocated with respect to a certain

channel property is in some cases given by the NR specification. In other cases, the

device may be explicitly informed by the network by means of signaling if two specific

antenna ports can be assumed to be quasi-colocated or not.

The general principle of quasi-colocation is present already in the later releases of LTE

when it comes to the temporal parameters. However, with the extensive support for beam-

forming in NR, the QCL framework has been extended to the spatial domain. Spatial

quasi-colocation or, more formally,QCL-TypeD or quasi-colocation with respect to RX parameters

is a key part of beam management. Although somewhat vague in its formal definition, in

practice spatial QCL between two different signals implies that they are transmitted from

the same place and in the same beam. As a consequence, if a device knows that a certain

receiver beam direction is good for one of the signals, it can assume that the same beam

direction is suitable also for reception of the other signal. In a typical situation, the NR

specification states that certain transmissions, for example, PDSCH and PDCCH transmis-

sions, are spatially quasi-colocated with specific reference signals, for example CSI-RS or

SSB. The device may have decided on a specific receiver beam direction based on mea-

surements on the reference signal in question and the device can then assume that the same

beam direction is a good choice also for the PDSCH/PDCCH reception.

To summarize, in total there are four different QCL types defined in NR:

• QCL-TypeA –QCLwith respect to Doppler shift, Doppler spread, average delay, and

delay spread;
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• QCL-TypeB – QCL with respect to Doppler shift and Doppler spread;

• QCL-TypeC – QCL with respect to Doppler shift and average delay;

• QCL-TypeD – QCL with respect to spatial Rx parameters.

Thus, the QCL relations help the device to prepare for receiving a signal or channel

where properties estimated from one signal can be used in the channel estimation for

another channel or signal. In Fig. 7.22, the Doppler shift and the average delay obtained

from the SSB can be used for improving the TRS-based estimate of time and frequency

drift and, in the next step, for improving the DM-RS-based channel estimate for the

PDCCH and PDSCH. The TRS will be discussed in the next chapter and a more exten-

sive description of the usage of QCL relations in multi-antenna transmission is found on

Chapter Additional QCL types can be added in future releases if necessary as the frame-

work as such is generic.

SSB CSI-RS
(for TRS)

CSI-RS
(CSI acquisition)

DM-RS
PDSCH

DM-RS
PDCCH

Type C Type A, B

Type A

Type A

Fig. 7.22 Example of QCL relations between channels and signals.
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CHAPTER 8

Channel measurements

Many transmission features in modern radio-access technologies are based on the avail-

ability of more or less detailed knowledge about different characteristics of the

radio-channel. This may range from rough knowledge of the radio-channel path loss,

for example, for mobility decisions to detailed knowledge of the channel amplitude

and phase in the time, frequency, and/or spatial domain for selection of instantaneous

transmission parameters. Many transmission features will also benefit from knowledge

about the interference level experienced at the receiver side.

Such knowledge about different channel characteristics can be acquired in different

ways. As an example, knowledge about downlink channel characteristics can be acquired

by means of device measurements. The acquired information could then be reported to

the network for the setting of different transmission parameters for subsequent downlink

transmissions. Alternatively, if it can be assumed that the channel is reciprocal, that is, the

channel characteristics of interest are the same in the downlink and uplink transmission

directions, the network can, by itself, acquire knowledge about relevant downlink chan-

nel characteristics by estimating the same characteristics in the uplink direction.

The same alternatives exist when it comes to acquiring knowledge about uplink chan-

nel characteristics, that is, the network may determine the uplink characteristics of inter-

est and either provide the information to the device or directly control subsequent uplink

transmissions based on the acquired channel knowledge. Alternatively, assuming channel

reciprocity, the device may, by itself, acquire knowledge about the relevant uplink chan-

nel characteristics by means of downlink measurements.

Regardless of the exact approach to acquire channel knowledge, there is typically a

need for some reference signal(s) on which a receiver can measure/estimate the channel

characteristics of interest. In this chapter we will describe the NR reference signals on

which channel measurements are typically carried out, more specifically, the downlink

channel-state-information reference signals (CSI-RS) and the uplink sounding reference signals

(SRS). We will also provide an overview of the NR framework for physical-layer device

measurements and corresponding device reporting to the network.

8.1 Channel-state-information reference signals – CSI-RS

The CSI-RS is the main tool for downlink channel measurements in NR. In addition to

being used for detailed channel sounding for the selection of detailed downlink
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transmission parameters, CSI-RS can also be used, for example, for measurements related

to beam management and mobility.

8.1.1 Basic CSI-RS structure
A configured CSI-RS resource may correspond to up to 32 CSI-RS antenna ports, that

is, there may be up to 32 different reference signals multiplexed within the overall CSI-

RS resource.

A CSI-RS resource is always configured on a per-device basis. It is important to

understand though that configuration on a per-device basis does not mean that an actual

CSI-RS transmission can only be used by a single device. Nothing prevents identical

CSI-RS resources to be separately configured for multiple devices, in practice implying

that the CSI-RS resource is shared between the devices.

As illustrated in Fig. 8.1, a single-port CSI-RS resource occupies a single resource

element within a block corresponding to one resource block in the frequency domain

and one slot in the time domain. In principle, the CSI-RS resource can be configured

to occur anywhere within the resource block although in practice there are some restric-

tions to avoid collisions with other downlink physical channels and signals. Especially, a

device can assume that a configured CSI-RS resource does not collide with

• Any CORESET (see Section 10.1.2) configured for the device;

• DM-RS (see Section 9.11) associated with PDSCH transmissions scheduled for the

device;

• Any SSB (see Chapter 16) transmitted within the cell;

In case of a multi-port CSI-RS resource, that is, a CSI-RS resource corresponding to

multiple antenna ports, the different antenna ports share the overall set of resource ele-

ments of the CSI-RS resource based on a combination of

• Code-domain multiplexing (CDM), implying that different per-antenna-port CSI-RS

are transmitted on the same set of resource elements with separation achieved by

modulating the different CSI-RS with different orthogonal patterns

• Frequency-domain multiplexing (FDM), implying that different per-antenna-port

CSI-RS are transmitted on different sets of subcarriers within an OFDM symbol

One slot

Fig. 8.1 Single-port CSI-RS structure consisting of a single resource element within an RB/slot block.
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• Time-domain mulitplexing (TDM), implying that different per-antenna-port CSI-RS

are transmitted in different OFDM symbols within a slot

Furthermore, as illustrated in Fig. 8.2, CDM between different per-antenna-port CSI-

RS can be

• in the frequency domain with CDM over two adjacent subcarriers (“2�CDM”),

allowing for code-domain sharing between two per-antenna-port CSI-RS

• in the frequency and time domain with CDM over two adjacent subcarriers and two

adjacent OFDM symbols (“4�CDM”), allowing for code-domain sharing between

up to four per-antenna-port CSI-RS

• in the frequency and time domain with CDM over two adjacent subcarriers and four

adjacent OFDM symbols (“8�CDM”), allowing for code-domain sharing between

up to eight per-antenna-port CSI-RS

The different CDM alternatives of Fig. 8.2, in combination with FDM and/or TDM, can

then be used to configure different structures for the overall multi-port CSI-RS resources

where, in general, an N-port CSI-RS resource occupies a total of N resource elements

within an RB/slot block.a

As a first example, Fig. 8.3 illustrates how a two-port CSI-RS resource consists of two

adjacent resource elements in the frequency domain with CDM between the two

antenna ports. In other words, the two-port CSI-RS resource has a structure identical

to the basic 2�CDM structure in Fig. 8.2.

OFDM symbols

MDCx8MDCx4MDCx2

Fig. 8.2 Different CDM structures for multiplexing per-antenna-port CSI RS.

One slot

W0

W1

Fig. 8.3 Structure of two-port CSI-RS based on 2�CDM. The figure also illustrates the orthogonal
pattern of each port.

a The so-called “density-3” CSI-RS used for TRS, see Section 8.1.7, is an exception to this rule.
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In the case of a CSI-RS resource corresponding to more than two antenna ports there

is some flexibility in the sense that, for a given number of ports, there are multiple dif-

ferent structures available for the CSI-RS resource based on different combinations of

CDM, TDM and FDM

As an example, there are three different structures for an eight-port CSI-RS resource,

see also Fig. 8.4.

• Frequency-domain CDM over two resource elements (2�CDM) in combination

with four times frequency-multiplexing (left part of Fig. 8.4). The overall CSI-RS

resource thus consists of eight subcarriers within the same OFDM symbol.

• Frequency-domain CDM over two resource elements (2�CDM) in combination

with frequency and time multiplexing (middle part Fig. 8.4). The overall CSI-RS

resource thus consists of four subcarriers within two OFDM symbols.

• Time/frequency-domain CDM over four resource elements (4�CDM) in combina-

tion with two times frequency multiplexing. The overall CSI-RS resource thus once

again consists of four subcarriers within two OFDM symbols.

Note that, in all these cases, the total number of resources blocks of the CSI-RS resource

equals the number of antenna ports.

Finally, Fig. 8.5 illustrates one out of three possible structures for a 32-port CSI-RS

resource based on a combination of 8�CDM and four times frequency multiplexing.

One slot
 AP 0-3 (4xCDM) AP 7-4 (4xCDM)

2xCDM + +MDCx2MDFx4 2xFDM + +MDCx4MDTx2 2xFDM

AP 6-7 (2xCDM)

AP 2-3 (2xCDM)

AP 4-5 (2xCDM)

AP 0-1 (2xCDM)

AP 6-7 (2xCDM)

AP 2-3 (2xCDM)

AP 4-5 (2xCDM)

AP 0-1 (2xCDM)

Fig. 8.4 Three different structures for eight-port CSI-RS.

One slot

AP 0-7 (8xCDM)

AP 24-32 (8xCDM)

AP 16-23 (8xCDM)

AP 8-15 (8xCDM)

Fig. 8.5 One structure (out of three supported structures) for a 32-port CSI-RS.
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Note that, once again, the total number of resources blocks of the CSI-RS resource

equals the number of antenna ports. This example also illustrates that CSI-RS antenna

ports separated in the frequency domain do not necessarily have to occupy consecutive

subcarriers. Likewise, CSI-RS ports separated in the time domain do not necessarily have

to occupy consecutive OFDM symbols.

In the case of a multi-port CSI-RS resource, the association between per-port

CSI-RS and port number is done first in the CDM domain, then in the frequency

domain, and finally in the time domain. This can, for example, be seen from the

eight-port example of Fig. 8.4 where per-port CSI-RS separated by means of CDM

correspond to consecutive port numbers. Furthermore, for the FDM+TDM case (center

part of Fig. 8.4), port number zero to port number three are transmitted within the same

OFDM symbol while port number four to port number seven are jointly transmitted

within another OFDM symbol. Port number zero to three and port number four to

seven are thus separated by means of TDM.

8.1.2 Frequency-domain structure of CSI-RS configurations
A CSI-RS resource is configured for a given downlink bandwidth part and is then

assumed to be confined within, and use the numerology of, that bandwidth part.

The CSI-RS resource can be configured to cover the full bandwidth or just a fraction

of the bandwidth of the bandwidth part. In the latter case, the bandwidth and frequency-

domain starting position of the CSI-RS resource are provided as part of the CSI-RS

configuration.

Within its configured bandwidth, a CSI-RS may be configured for transmission in

every resource block in the frequency domain (CSI-RS frequency density equal to one).

However, a CSI-RS may also be configured for transmission only in every second

resource block (frequency density equal to 1/2). In the latter case, the configuration includes

information about the set of resource blocks (odd resource blocks or even resource

blocks) within which the CSI-RS will be transmitted. CSI-RS density equal to 1/2 is

not supported for CSI-RS resources with 4, 8 and 12 antenna ports.

There is also a possibility to configure a single-port CSI-RS resource with a frequency

density of 3 in which case the CSI-RS occupies three subcarriers within each resource

block. This special CSI-RS structure is used as part of a so-called Tracking Reference Signal

(TRS), see Section 8.1.7.

8.1.3 Time-domain property of CSI-RS configurations
In general, a CSI-RS resource can be configured for periodic, semi-persistent, or aperiodic

transmission.

In the case of periodic transmission, a device can assume that CSI-RS transmissions

occur every Nth slot, where N ranges from as low as four, that is, transmissions every
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fourth slot, to as high as 640, that is, transmission only every 640th slot. In addition to the

periodicity, the device is also configured with a specific slot offset for the CSI-RS trans-

mission, see Fig. 8.6.

In the case of semi-persistent CSI-RS transmission, a periodicity and corresponding

slot offset are configured for the CSI-RS transmission in the same way as for periodic

CSI-RS transmission. However, actual CSI-RS transmission is activated and deactivated

based on MAC-CE signaling (see Section 6.2.4.1). Once the CSI-RS transmission has

been activated, the device can assume that the CSI-RS transmission will continue

according to the configured periodicity/offset until it is explicitly deactivated. Similarly,

once the CSI-RS transmission has been deactivated, the device cannot assume that there

will be any further CSI-RS transmissions until the CSI-RS transmission is explicitly re-

activated again.

In case of aperiodic CSI-RS, no periodicity is configured. Rather, each CSI-RS

transmission is indicated by means of layer-1 signaling (DCI).

It should be mentioned that the property of periodic, semipersistent, or aperiodic is

actually not a property of a CSI-RS resource but rather the property of a so-called CSI-

RS resource set. As a consequence, activation/deactivation and triggering of semi-

persistent and aperiodic CSI-RS transmissions respectively, are not done for a specific

CSI-RS resources but for the set of CSI-RS resources within a CSI-RS resource set.

CSI-RS resource sets are further discussed in Section 8.1.6.

8.1.4 CSI-IM – Resources for interference measurements
CSI-RS transmission on a configured CSI-RS resource can be used by a device to

acquire information about the properties of the channels of the different CSI-RS antenna

ports. It can also be used to estimate the interference level by subtracting the expected

received signal from what is actually received on the CSI-RS resource.

However, the interference level can also be estimated from measurements on

CSI-Interference-Measurement (CSI-IM) resources.

Fig. 8.7 illustrates the structure of a CSI-IM resource. As can be seen, there are two

different CSI-IM structures, each consisting of four resource elements but with different

time/frequency structures. Similar to a CSI-RS resource, the exact location of the CSI-

IM resource within the RB/slot block is flexible and information about it is included as

part of the CSI-IM configuration.

CSI period = 5 slots, Offset = 0

CSI period = 5 slots, Offset = 3

CSI period = 10 slots, Offset = 3

Fig. 8.6 Examples of periodic CSI-RS transmission.
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The time-domain property of a CSI-IM resource is the same as that of a CSI-RS

resource, that is, a CSI-IM resource can be configured as periodic, semi-persistent

(activation/deactivation by means of MAC CE), or aperiodic (indicated by DCI).b

In a typical case, a CSI-IM resource would correspond to resource elements where

nothing is transmitted within the current cell while the activity within the CSI-IM

resource in neighbor cells should correspond to normal activity of those cells. Thus,

by measuring the receiver power within a CSI-IM resource, a device would get an esti-

mate on the typical interference due to transmissions within other cells.

As there should be no transmissions on CSI-IM resources within the cell, devices

should be configured with the corresponding resources as so-called ZP-CSI-RS

resources (see below).

8.1.5 Zero-power CSI-RS
A CSI-RS resource as described above should more correctly be referred to as non-zero-

power (NZP) CSI-RS resource to distinguish it from so-called zero-power (ZP) CSI-RS

resources that can also be configured for a device.

If a device is scheduled for PDSCH reception on a resource that includes resource

elements corresponding to a configured CSI-RS resource, the device can assume that

the PDSCH rate matching and resource mapping avoid those resource elements. How-

ever, a device may also be scheduled for PDSCH reception on a resource that includes

resource elements corresponding to a CSI-RS resource configured for a different device.

The PDSCH must also in this case be rate matched around the resource elements of the

CSI-RS. The configuration of a ZP-CSI-RS resource is a way to inform the device for

which the PDSCH is scheduled about such rate matching.

A configured ZP-CSI-RS resource corresponds to a set of resource elements with the

same structure as an NZP-CSI-RS resource. However, while a device can assume that an

NZP-CSI-RS is actually transmitted and is something on which a device can carry out

measurements, a configured ZP-CSI-RS only indicates a set of resource blocks to which

the device should assume that PDSCH is not mapped.

It should be emphasized that, despite the name, a device cannot assume that there are

no transmissions, that is, zero power within the resource elements corresponding to a

One slot One slot

Fig. 8.7 Alternative structures for CSI-IM resource.

b Once again, this is strictly speaking a property of a CSI-IM resource set.
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configured ZP-CSI-RS resource. As already mentioned, the resource elements corre-

sponding to a ZP-CSI-RS resource may, for example, be used for transmission of

NZP-CSI-RS configured for a different device. What the NR specification says is that

a device cannot make any assumptions regarding transmissions on resource elements cor-

responding to a configured ZP-CSI-RS resource and that PDSCH transmission for the

device is not mapped to resource elements corresponding to a configured ZP-CSI-RS

resource.

8.1.6 CSI-RS resource sets
In addition to being configured with CSI-RS resources, a device will be configured with

one or several CSI-RS resource sets, formally referred to as NZP-CSI-RS-ResourceSets.

Each such resource set includes one or several configured CSI-RS resources or, more

exactly, pointers to already configured CSI-RS resources. The resource set can then be

used as part of report configurations describing measurements and corresponding reporting

to be done by a device (see further details in Section 8.2). Alternatively, and despite the

name, an NZP-CSI-RS-ResourceSet may include pointers to a set of SSBs. This reflects

the fact that some device measurements, especially measurements related to beam man-

agement and mobility, may be based on either CSI-RS or SSB.

Above it was described how CSI-RS transmission could be periodic, semi-persistent,

or aperiodic. As mentioned there, this categorization is strictly speaking not a property of

a configured CSI-RS resource itself but a property of a configured CSI-RS resource set.

Furthermore, a MAC CE command will jointly activate/deactivate transmission on all

CSI-RS resources within a CSI-RS resource set configured for semi-persistent transmis-

sion. Likewise, DCI will trigger transmission on all CSI-RS resources within a CSI-RS

resource set configured for aperiodic transmission.

Similarly, a device may be configured with CSI-IM resource sets, each including

pointers to a set of configured CSI-IM resources that can be jointly activated/deactivated

(semi-persistent CSI-IM resource set) or triggered (aperiodic CSI-IM resource set).

8.1.7 Tracking reference signal – TRS
Due to oscillator imperfections, the device must track and compensate for variations in

time and frequency to successfully receive downlink transmissions. To assist the device in

this task, a tracking reference signal (TRS) can be configured. Strictly speaking, the TRS is

not a CSI-RS. Rather a TRS is a resource set consisting of multiple periodic CSI-RS. More

specifically a TRS consists of four one-port, density-3 CSI-RS located within two con-

secutive slots (see Fig. 8.8). The CSI-RSwithin the resource set, and thus also the TRS in

itself, can be configured with a periodicity of 10, 20, 40, or 80ms. Note that the exact set

of resource elements (subcarriers and OFDM symbols) used for the TRS CSI-RS may

vary. There is always a four-symbol time-domain separation (three intermediate symbols)

176 5G/5G-Advanced

https://t.me/learningnets



between the twoCSI-RSwithin a slot though. This time domain separation sets the limit

for the frequency error that can be tracked. Likewise, the frequency-domain separation

(four subcarriers) sets the limit for the timing error that can be tracked.

There is also an alternative TRS structure with the same per-slot structure as the TRS

structure of Fig. 8.8 but only consisting of two CSI-RS within a single slot, compared to

two consecutive slots for the TRS structure in Fig. 8.8

8.1.8 Mapping to physical antennas
In Chapter 7, the concept of antenna ports and the relation to reference signals were dis-

cussed. A multi-port CSI-RS corresponds to a set of antenna ports and the CSI-RS can

be used for sounding of the channels corresponding to those antenna ports. However, a

CSI-RS port is often not mapped directly to a physical antenna, implying that the

channel being sounded based on a CSI-RS is often not the actual physical radio channel.

Rather, more or less any kind of (linear) transformation or spatial filtering, labeled F in

Fig. 8.9, may be applied to the CSI-RS before mapping to the physical antennas.

Furthermore, the number of physical antennas (N in Fig. 8.9) to which the CSI-RS

is mapped may very well be larger than the number of CSI-RS ports.c When a device

does channel sounding based on the CSI-RS, neither the spatial filter F nor the N phys-

ical antennas will be explicitly visible. What the device will see is just the M “channels”

corresponding to the M CSI-RS ports.

TRS periodicity (10/20/40 ms)

Fig. 8.8 TRS consisting of four one-port, density-3 CSI-RS located within two consecutive slots.

Port #M

Port #2

Port #1

M-port
CSI-RS

N physical antennas

Channel sounded by means of the CSI-RS

Fig. 8.9 CSI-RS applied to spatial filter (F) before mapping to physical antennas.

c Having N smaller than M does not make sense.
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The spatial filter F may very well be different for different CSI-RS. The network

could, for example, map two different configured CSI-RS such that they are beam-

formed in different directions (see Fig. 8.10). To the device this will appear as two

CSI-RS transmitted over two different channels, despite the fact that they are transmitted

from the same set of physical antennas and are propagating via the same set of physical

channels.

Although the spatial filter F is not explicitly visible to the device, the device still has to

make certain assumptions regarding F. Especially, F has a strong relation to the concept of

antenna ports discussed in Chapter 7. In essence one can say that two signals are trans-

mitted from the same antenna port if they are mapped to the same set of physical antennas

by means of the same transformation F.

As an example, in the case of downlinkmulti-antenna transmission (see Chapter 11), a

device may measure on a CSI-RS and report a recommended precoder matrix to the net-

work. The network may then use the recommended precoder matrix when mapping so

called transmission layers to antenna ports. When selecting a suitable precoder matrix the

device will assume that the network, if using the recommended matrix, will map the out-

put of the precoding to the antenna ports of the CSI-RS on which the corresponding

device measurements were carried out. In other words, the device will assume that

the precoded signal will be mapped to the physical antennas by means of the same spatial

filter F as applied to the CSI-RS.

8.2 Device measurements and reporting

AnNR device can be configured to carry out different measurements, in most cases with

corresponding reporting to the network. In general, such a configuration of measure-

ments and corresponding reporting are done by means of a report configuration, in the

3GPP specifications [15] referred to as a CSI-ReportConfig.d

CSI-RS #1 F1

CSI-RS #2 F2

Fig. 8.10 Different spatial filters applied to different CSI-RS.

d Note that we are here talking about physical-layer measurements/reporting, to be distinguished from

higher-layer reporting done by means of RRC signaling.
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Each resource configuration describes/indicates:

• The specific quantity or set of quantities to be reported;

• The downlink resource(s) on which measurements should be carried out in order to

derive the quantity or quantities to be reported;

• How the actual reporting is to be carried out, for example, when the reporting is to be

done and what uplink physical channel to use for the reporting.

8.2.1 Report quantity
A report configuration indicates a quantity or set of quantities that the device is supposed

to report. The report could, for example, include different combinations of channel-

quality indicator (CQI), rank indicator (RI), and precoder-matrix indicator (PMI), jointly

referred to as channel-state information (CSI). Alternatively, the report configuration

may indicate reporting of received signal strength, more formally referred to as reference-

signal received power (RSRP). RSRP has historically been a key quantity to measure and

report as part of higher-layer radio-resource management (RRM) and is so also for NR.

However, NR also supports layer-1 reporting of RSRP, for example, as part of the sup-

port for beam management (see Chapter 12). What is then reported is more specifically

referred to as L1-RSRP, reflecting the fact that the reporting does not include the more

long-term (“layer-3”) filtering applied for the higher-layer RSRP reporting.

8.2.2 Measurement resource
In addition to describing what quantity to report, a report configuration also describes the

set of downlink signals or, more generally, the set of downlink resources on which mea-

surements should be carried out in order to derive the quantity or quantities to be

reported. This is done by associating the report configuration with one or several

resource sets as described in Section 8.1.6

A resource configuration is associated with at least one NZP-CSI-RS-ResourceSet to

be used for measuring channel characteristics. As described in Section 8.1.6, aNZP-CSI-

RS-ResourceSetmay either contain a set of configured CSI-RS or a set of SSBs. Reporting

of, for example, L1-RSRP for beammanagement can thus be based on measurements on

either a set of SSBs or a set of CSI-RS.

Note that the resource configuration is associated with a resource set. Measurements

and corresponding reporting are thus in the general case based on a set of CSI-RS

resource or a set of SSBs.

In some cases, the set will only include a single reference-signal resource. An example

of this is conventional feedback for link adaptation and multi-antenna precoding. In this

case, the device would typically be configured with a resource set consisting of a single

multi-port CSI-RS resource on which the device will carry out measurements to deter-

mine and report a combination of CQI, RI, and PMI.
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On the other hand, in the case of beam management the resource set will typically

consist of multiple CSI-RS resources, alternatively multiple SSBs, where, in practice,

each CSI-RS resource or SSB is associated with a specific beam. The device measures

on the set of signals within the resource set and, based on the measurements, provides

a report to the network as input to the network beam-management functionality

There are also situations when a device needs to carry out measurements without any

corresponding reporting to the network. One such case is when a device should carry out

measurements for receiver-side downlink beam forming. As will be described in

Chapter 12, in such a case a device may measure on downlink reference signals using

different receiver beams. However, the result of the measurement is not reported to

the network but only used internally within the device to select a suitable receiver beam.

At the same time the device needs to be configured with the reference signals to measure

on. Such a configuration is also covered by report configurations for which, in this case,

the quantity to be reported is defined as “None.”

8.2.3 Report types
In addition to the quantity to report and the set of resources to measure on, the report

configuration also describes when and how the reporting should be carried out.

Similar to CSI-RS transmission, device reporting can be periodic, semi-persistent or

aperiodic.

As the name suggests, periodic reporting is donewith a certain configured periodicity.

Periodic reporting is always done on the PUCCH physical channel. Thus, in the case of

periodic reporting, the resource configuration also includes information about a period-

ically available PUCCH resource to be used for the reporting

In the case of semi-persistent reporting, a device is configured with periodically

occurring reporting instances in the same way as for periodic reporting. However, actual

reporting can be activated and deactivated by means of MAC signaling (MAC CE).

Similar to periodic reporting, semi-persistent reporting can be done on a periodically

assigned PUCCH resource. Alternatively, semi-persistent reporting can be done on a

semi-persistently allocated PUSCH. The latter is typically used for larger reporting

payloads.

Aperiodic reporting is explicitly triggered by means of DCI signaling, more specifi-

cally within a CSI request field within the uplink scheduling grant (DCI formal 0-1). The

DCI field may consist of up to 6 bits with each configured aperiodic report associated

with a specific bit combination. Thus, up to 63 different aperiodic reports can be

triggered.e

e The all-zero value indicates “no triggering.”
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Aperiodic reporting is always done on the scheduled PUSCH and thus requires an

uplink scheduling grant. This is the reason why the triggering of aperiodic reporting

is only included in the uplink scheduling grant and not in other DCI formats.

It should be noted that, in the case of aperiodic reporting, the report configuration

could actually include multiple resource sets for channel measurements, each with its

own set of reference signals (CSI-RS or SSB). Each resource set is associated with a spe-

cific value of the CSI-request field in the DCI. By means of the CSI request the network

can, in this way, trigger the same type of reporting but based on different measurement

resources. Note that the same could, in principle, have been done by configuring the

device with multiple report configurations, where the different resource configurations

would specify the same reporting configuration and report type but different measure-

ment resources.

Periodic, semipersistent and aperiodic reporting should not be mixed up with peri-

odic, semi-persistent, and aperiodic CSI-RS transmissions as described in Section 8.1.3

above. As an example, aperiodic reporting and semi-persistent reporting could very well

be based on measurements on periodic CSI-RS resources. On the other hand, periodic

reporting can only be based on measurements on periodic CSI-RS resources but not on

aperiodic and semi-static CSI-RS resources. Table 8.1 summarizes the allowed combi-

nations of reporting type (periodic, semi-persistent, and aperiodic) and resource type

(periodic, semi-persistent, and aperiodic).

8.3 Sounding reference signals – SRS

To enable uplink channel measurements, a device can be configured for transmission of

sounding reference signals (SRS). In some respects SRS can be seen as the uplink equivalence

to the downlink CSI-RS in the sense that both CSI-RS and SRS are used for channel

sounding, albeit in different transmission directions. Both CSI-RS and SRS can also serve

as QCL references in the sense that other physical channels (PDCCH/PDSCH in the

downlink, PUCCH/PUSCH in the uplink) can be configured as being quasi-co-located

with CSI-RS and SRS respectively.

However, on a more detailed level, the structure of an SRS transmission is quite dif-

ferent from a CSI-RS transmission.

Table 8.1 Allowed combinations of report type and resource type.

Report type

Resource type

Periodic Semi-persistent Aperiodic

Periodic Yes – –
Semi-persistent Yes Yes –
Aperiodic Yes Yes Yes
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• An SRS resource may correspond to up to four antenna ports while a CSI-RS

resource may correspond to up to 32 antenna ports

• Being an uplink signal, SRS is designed for low cubic-metric [57], enabling higher

device power-amplifier efficiency

The basic time/frequency structure of an SRS resource is exemplified in Fig. 8.11. In the

first NR release (3GPP release 15), an SRS resource could span one, two, or four con-

secutive OFDM symbols and be located somewhere within the last six symbols of a slot.

However, in later releases this has been extended so that an SRS resource can now span

up to 14 consecutive symbols, that is, an entire slot. There is also higher flexibility in

terms of the SRS location so that an SRS can now be located anywhere within a slot.

Note though that an SRS transmission has to be confined to a slot, that is, it should

not cross slot boundaries.

In the frequency domain, an SRS resource has a so-called “comb” structure, implying

that an SRS is mapped to every Nth sub-carrier (illustrated in Fig. 8.11 for the case of

“comb-2” and “comb-4”). The comb structure allows for the frequency multiplexing

of SRS transmissions from different devices within the same bandwidth, see Fig. 8.12.

In some cases, it can also be used to multiplex different antenna ports of the same

SRS resource. Release 15 and 16 was limited to comb-2 and comb-4. However, in

release 17 this was extended to also include a comb-8 structure, that is, SRS mapped

to every 8th sub-carrier.

8.3.1 SRS sequences and Zadoff-Chu sequences
An SRS transmission consists of a set of resource elements in the frequency domain. The

sequences applied to this set of resource elements are partly based on so-calledZadoff-Chu

sequences (ZC). Due to their specific properties, Zadoff-Chu sequences are used at sev-

eral places within the NR specifications, especially in the uplink transmission direction.

A Zadoff-Chu sequence of length M is given by the following expression:

zui ¼ e�j
pui i+1ð Þ

M ; 0 � i < M (8.1)

One slot One slot

Comb 2 over one symbol Comb 4 over four symbols

Fig. 8.11 Examples of SRS time/frequency structures.
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As can be seen from Eq. (8.1), a Zadoff-Chu sequence has a characterizing param-

eter u, referred to as the root index of the Zadoff-Chu sequence. For a given sequence

length M, the number of root indices generating unique Zadoff-Chu sequences equals

the number of integers that are relative prime to M. For this reason, Zadoff-Chu

sequences of prime length are of special interest as they maximize the number of available

Zadoff-Chu sequences. More specifically, assuming M being a prime number, there are

M -1 unique Zadoff-Chu sequences of length M.

It can easily be shown that the discrete Fourier transform of a Zadoff-Chu sequence is

also a Zadoff-Chu sequence.f From Eq. (8.1) it is obvious that a Zadoff-Chu sequence has

constant amplitude. This is then true for both the time and frequency domain. Thus, if

one applies a Zadoff-Chu sequence in the frequency domain the resulting signal will have

a flat spectrum as well as a constant power in the time domain. The constant power in the

time domain will make the signal good from a power-amplifier-efficiency point of-view.

At the same time, the flat spectrum, which corresponds to zero cyclic autocorrelation for

any non-zero cyclic shift in time, implies that two different time-domain cyclic shifts of

the same Zadoff-Chu sequence are orthogonal to each other.

Although Zadoff-Chu sequences of prime length are preferred in order to maximize

the number of available sequences, SRS sequences cannot be of prime length as the

sequence length has to match the number of resource elements in the set of resource

blocks over which the SRS transmission is to take place. In practice this implies that

the length of the SRS sequence will be a multiple of twelve. The SRS sequences

are therefore extended Zadoff-Chu sequences based on the longest prime-length

One slot

SRS configured for device #1
SRS configured for device #2

Fig. 8.12 Comb-based frequency multiplexing of SRS from two different devices assuming comb-2.

f The inverse obviously holds as well, that is, the inverse DFT of a Zadoff-Chu sequence is also a Zadoff-Chu

sequence.
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Zadoff-Chu sequence with a length M smaller or equal to the desired SRS-sequence

length. The sequence is then cyclically extended in the frequency domain up to the

desired SRS sequence length. As the extension is done in the frequency domain, the

extended sequence still has constant spectrum, and thus “perfect” cyclic autocorrelation,

but the time-domain amplitude properties will be somewhat degraded.

Extended Zadoff-Chu sequences are used as SRS sequences for sequence lengths of

36 or larger, corresponding to an SRS extending over 6 and 12 resource blocks in case of

comb-2 and comb-4, respectively. For shorter sequence lengths, special flat-spectrum

sequences with good time-domain envelope properties have been found from computer

search. The reason is that, for shorter sequences, there would not be sufficient number of

Zadoff-Chu sequences available.

The same principle of cyclic extension in the frequency domain will be used also for

other cases where Zadoff-Chu sequences are used within the NR specifications, for

example, for uplink DM-RS (see Section 9.11.1).

8.3.2 Multi-port SRS resource
In the case of an SRS resources with more than one antenna port, the different ports share

the same set of resource elements and the same basic SRS sequence (same root index), at

least in case of comb-2 and comb-4. Different phase rotations are then applied to separate

the different ports as illustrated in Fig. 8.13. For the special case of comb-8 and four

antenna ports, the antenna ports are pair-wise separated by different phase rotations.

However, within a pair of antenna ports, the antenna ports use the same phase rotation

and are, instead, separated in the frequency domain by using different offsets within

the comb.

As described, applying a phase rotation in the frequency domain is equivalent to

applying a cyclic shift in the time domain. In the NR specification the above operation

is actually referred to as “cyclic shift”, although it is mathematically described as a

frequency-domain phase shift.

x0 x1 x2 x3 x4 x5

ej0 ej0 ej0 ej0 ej0 ej0

ej0 ej ej2 ej3 ej4 ej5

ej0 ej /2 ej2 /2 ej3 /2 ej4 /2 ej5 /2

ej0 ej3 /2 ej6 /2 ej9 /2 ej12 /2 ej15 /2

AP #0

AP #1

AP #2

AP #3

Fig. 8.13 Separation of different SRS antenna ports by applying different phase shifts to the basic
frequency-domain SRS sequence x0, x1, x2, …. The figure assumes a comb-4 SRS.
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8.3.3 SRS frequency hopping
Ideally, a single SRS transmission should cover the entire frequency band of interest.

However, due to a limited device transmit power, this may in some cases, for example,

for very wide SRS bandwidths and/or a high path loss, lead to a too low received power

spectral density and corresponding low-quality channel measurements.

To enable higher instantaneous power spectral density, NR supports SRS frequency

hoppingwhere the SRS transmission, in each time instant, covers only a limited frequency

range and then “hops” in frequency to cover the entire frequency band of interest. As

illustrated in Fig. 8.14, the hopping can be done on slot basis (inter-slot hopping) or

within a slot (intra-slot hopping).

The SRS frequency hopping introduced in release 15, only supports a minimum per-

hop bandwidth of four resource blocks. To allow for even more narrow instantaneous

SRS bandwidth, release 17 introduced the concept of partial SRS transmission. With par-

tial SRS transmission, the instantaneous bandwidth can be reduced by a frequency scaling

factor PF that can take the values two or four, thereby allowing for an instantaneous SRS

bandwidth as small as a single resource block. Although partial SRS transmission is for-

mally seen as separate and a complement to SRS frequency hopping, it can, in practice, be

seen as frequency hopping with a minimum per-hop bandwidth of one resource block,

rather than four resource blocks.

8.3.4 Time-domain structure of SRS transmissions
Similar to CSI-RS, an SRS resource can be configured for periodic, semi-persistent, or ape-

riodic transmission:

• in case of a periodic SRS resource, SRS transmission takes place with a certain con-

figured periodicity and slot offset;

• in case of semi-persistent SRS there is also a configured periodicity/offset. However,

actual SRS transmission is activated and deactivated by means of MAC CE signaling;

• in case of aperiodic SRS, each SRS transmission is explicitly triggered by means of

DCI signaling.

In case of aperiodic SRS transmission, release 17 introduced some flexibility in the

sense that the triggering DCI now includes a time offset (“SRS offset indicator”, see

Intra-slot hoppingInter-slot hopping

One slot One slot

SRS ba
nd

widt
h

SRS ba
nd

widt
h

Fig. 8.14 SRS frequency hopping.
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Tables 10.2 and 10.3 in Chapter 10) that indicates exactly in what slot the SRS is to

be transmitted, given the slot in which the triggering DCI is received. In earlier

releases, this timing relation had a fixed specified value.

It should be pointed out that, similar to CSI-RSI, activation/deactivation and trig-

gering for semi-persistent and aperiodic transmission of SRS respectively is actually not

done for a specific SRS resource but rather done a SRS resource set which, in the general

case, includes (pointers to) multiple configured SRS resources (see below).

8.3.5 SRS resource sets
Similar to CSI-RS, a device can be configured with one or several SRS resource setswhere

each resource set includes one or several configured SRS. As described earlier, an SRS

can be configured for periodic, semi-persistent, or aperiodic transmission. All SRS

included within a configured SRS resource set have to be of the same type. In other

words, periodic, semi-persistent, or aperiodic transmission can also be seen as a property

of an SRS resource set.

A device can be configured with multiple SRS resource sets that can be used for

different purposes, including both downlink and uplink multi-antenna precoding and

downlink and uplink beam management

The transmission of aperiodic SRS, or more accurately, transmission of the set of

configured SRS included in an aperiodic SRS resource set, is triggered by DCI. More

specifically, as will be described in Sections 10.1.4 and 10.1.5, some DCI formats, includ-

ing both downlink scheduling assignment and uplink scheduling grants, include a 2-bit

SRS-request that can trigger the transmission of one out of three different aperiodic SRS

resource sets configured for the device (the fourth bit combination corresponds to “no

triggering”).

8.3.6 Mapping to physical antennas
Similar to CSI-RS, SRS ports are often not mapped directly to the device physical

antennas but via some spatial filter F that maps M SRS ports to N physical channels,

see Fig. 8.15

Port #M

Port #2

Port #1

M-port
SRS

N physical antennas

F

Channel sounded by means SRS

Fig. 8.15 SRS applied to spatial filter (F) before mapping to physical antennas.
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In order to provide connectivity regardless of the rotational direction of the device,

NR devices supporting high-frequency operation will typically include multiple antenna

panels pointing in different directions. The mapping of SRS to one such panel is an

example of a transformation F from SRS antenna ports to the set of physical antennas.

Transmission from different panels will then correspond to different spatial filters F as

illustrated in Fig. 8.16.

Similar to the downlink the spatial filtering F has a real impact despite the fact that it is

never explicitly visible to the network receiver but just seen as an integrated part of the

overall channel. As an example, the network may sound the channel based on a

device-transmitted, SRS and then decide on a precoder matrix that the device should

use for uplink transmission. The device is then assumed to use that precoder matrix in

combination with the spatial filter F applied to the SRS. In other cases, a device may be explic-

itly scheduled for data transmission using the antenna ports defined by a certain SRS. In

practice this implies that the device is assumed to transmit using the same spatial filter F

that has been used for the SRS transmission. In practice, this may imply that the device

should transmit using the same beam or panel that has been used for the SRS

transmission.

SRS #1

SRS #2

F1

F2

Device

Fig. 8.16 Different spatial filters applied to different SRS.
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CHAPTER 9

Transport-channel processing

This chapter will provide a more detailed description of the downlink and uplink

physical-layer functionality such as coding, modulation, multi-antenna precoding,

resource-block mapping, and reference signal structure.

9.1 Overview

The physical layer provides services to theMAC layer in the form of transport channels as

described in Section 6.4.5. In the downlink, there are three different types of transport

channels defined for NR: the Downlink Shared Channel (DL-SCH), the Paging Chan-

nel (PCH), and the Broadcast Channel (BCH) although the latter two are not used in

non-stand-alone operation. In the uplink, there is only one uplink transport-channel

type carrying transport blocks in NR,a the Uplink Shared Channel (UL-SCH). The

overall transport channel processing for NR follows a similar structure as for LTE (see

Fig. 9.1). The processing is mostly similar in uplink and downlink and the structure

in Fig. 9.1 is applicable for the DL-SCH, BCH, and PCH in the downlink, and the

UL-SCH in the uplink. The part of the BCH that is mapped to the PBCH follows a

different structure, described in Chapter 16, as does the RACH, described in Chapter 17.

Within each transmission time interval (TTI), up to two transport blocks of dynamic size

are delivered to the physical layer and transmitted over the radio interface for each com-

ponent carrier. Two transport blocks are only used in the case of spatial multiplexing with

more than four layers, which as a baseline is supported in the downlink direction only and

mainly useful in scenarios with very high signal-to-noise ratios.b Hence, at most a single

transport block per component carrier and TTI is a typical case in practice.

A CRC for error-detecting purposes is added to each transport block, followed by

error-correcting coding using LDPC codes. Rate matching, including physical-layer

hybrid-ARQ functionality, adapts the number of coded bits to the scheduled resources.

The coded bits are scrambled and fed to a modulator, and finally the modulation

symbols are mapped to the physical resources, including the spatial domain. For the

uplink there is also a possibility of a DFT-precoding. The differences between uplink

a Strictly speaking, the Random-Access Channel is also defined as a transport-channel type, see Chapter 17.

However, RACH only includes a layer-1 preamble and carries no data in form of transport blocks.
b In release 18, more than four layers are supported also in the uplink.
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and downlink is, apart from DFT-precoding being possible in the uplink only, mainly

around multi-antenna mapping and the associated reference signals.

In the following, each of the processing steps will be discussed in more detail. For

carrier aggregation, the processing steps are duplicated for each of the carriers and the

description herein is applicable to each of the carriers. Since most of the processing steps

are identical for uplink and downlink, the processing will be described jointly and any

differences between uplink and downlink explicitly mentioned when relevant.

9.2 Channel coding

An overview of the channel coding steps is provided in Fig. 9.2 and described in more

detail in the following sections. First, a CRC is attached to the transport block to facilitate

CRC

LDPC coding

Rate matching, hybrid-ARQ

Scrambling

Modulation

Layer mapping

Transform precoding
(UL only)

Multi-antenna precoding

Resource mapping

Physical antenna mapping

One (or two) transport block(s) of dynamic
size delivered from the MAC layer

Fig. 9.1 General transport-channel processing.
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error detection, followed by code block segmentation. Each code block is LDPC-

encoded and rate matched separately, including physical-layer hybrid-ARQ processing,

and the resulting bits are concatenated to form the sequence of bits representing the

coded transport block.

9.2.1 CRC attachment per transport block
In the first step of the physical-layer processing, a CRC is calculated for and appended to

each transport block. The CRC allows for receiver-side detection of errors in the

decoded transport block and can, for example, be used by the hybrid-ARQ protocol

as a trigger for requesting retransmissions.

The size of the CRC depends on the transport-block size. For transport blocks larger

than 3824 bits, a 24-bit CRC is used, otherwise a 16-bit CRC is used to reduce

overhead.

9.2.2 Code-block segmentation
The LDPC coder in NR is defined up to a certain code-block size (8424 bits for base

graph 1 and 3840 bits for base graph 2). To handle transport block sizes larger than this,

code-block segmentation is used where the transport block, including the CRC, is split

into multiple equal-sizedc code blocks as illustrated in Fig. 9.3.

As can be seen in Fig. 9.3, code-block segmentation also implies that an additional

CRC (also of length 24 bits but based on a different polynomial compared to the transport-

block CRC described above) is calculated for and appended to each code block. In the case

of a single code block transmission no additional code-block CRC is applied.

To channel coding

Transport block CRC

Code block #1 CRC Code block #2 CRC Code block #3 CRC

TB-CRC

CB-CRC

Fig. 9.3 Code block segmentation.

Code block
concatenationLDPC

encoding
Rate

matching
Per-CB CRC 
attachment

CRC 
attachment

Code block
segmentation

Fig. 9.2 Channel coding.

c The set of possible transport-block sizes are such that it is always possible to split a too large transport block

into smaller equally-sized code blocks.
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One could argue that, in case of code-block segmentation, the transport-block CRC

is redundant and implies unnecessary overhead as the set of code-block CRCs should

indirectly provide information about the correctness of the complete transport block.

However, to handle code-block group (CBG) retransmissions as discussed in Chapter 13,

a mechanism to detect errors per code block is necessary. CBG retransmission means that

only the erroneous code block groups are retransmitted instead of the complete transport

block to improve the spectral efficiency. The per-CB CRC can also be used by the

device to limit processing. In case of a retransmission only those CBs whose CRCs

did not check after a previous transmissions need to be processed, even if per-CBG

retransmission is not configured. This helps reducing the device processing load. The

transport-block CRC also adds an extra level of protection in terms of error detection.

Note that code-block segmentation is only applied to large transport blocks for which the

relative extra overhead due to the additional transport-block CRC is small.

9.2.3 Channel coding
Channel coding is based on LDPC codes, a code design which was originally proposed in

the 1960s [32] but forgotten for many years. They were “rediscovered” in the 1990s [56]

and found to be an attractive choice from an implementation perspective. From an

error-correcting capability point of view, turbo codes, as used in LTE, can achieve similar

performance, but LDPC codes can offer lower complexity, especially at higher code

rates, and were therefore chosen for NR.

The basis for LDPC codes is a sparse (“low density”) parity check matrixHwhere for

each valid code word c the relationHcT¼0 holds. Designing a good LDPC code to a large

extent boils down to finding a good parity check matrixHwhich is sparse (the sparseness

implies relatively simple decoding). It is common to represent the parity-check matrix by

a graph connecting n variable nodes at the top with (n-k) constraint nodes at the bottom

of the graph, a notation that allows a wide range of properties of an (n, k) LDPC code to

be analyzed. This explains why the term base graph is used in the NR specifications.

A detailed description of the theory behind LDPC codes is beyond the scope of this book,

but there is a rich literature in the field (for example, see [64]).

Quasi-cyclic LDPC codes with a dual-diagonal structure of the kernel part of the par-

ity check matrix are used in NR, which gives a decoding complexity which is linear in

the number of coded bits and enables a simple encoding operation. Two base graphs are

defined, BG1 and BG2, representing the two base matrices. The reason for two base

graphs instead of one is to handle the wide range of payload sizes and code rates in an

efficient way. Supporting a very large payload size at a medium to high code rate, which

is the case for very high data rates, using a code designed to support a very low code rate is

not efficient. At the same time, the lowest code rates are necessary to provide good per-

formance in challenging situations. In NR, BG1 is designed for code rates from 1/3 to
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22/24 (approximately 0.33 to 0.92) and BG 2 from 1/5 to 5/6 (approximately 0.2 to

0.83). Through puncturing, the highest code rate can be increased somewhat, up to

0.95, beyond which the device is not required to decode. The choice between

BG1 and BG2 is based on the transport block size and code rate targeted for the first

transmission (see Fig. 9.4).

The base graphs, and the corresponding base matrices, define the general structure of

the LDPC code. To support a range of payload sizes, 51 different lifting sizes and sets of

shift coefficients are defined and applied to the base matrices. In short, for a given lifting size

Z, each ‘1’ in the base matrix is replaced by the Z�Z identify matrix circularly shifted by

the corresponding shift coefficient and each ‘0’ in the base matrix is replaced by the

Z�Z all-zero matrix. Hence, a relatively large number of parity-check matrices can

be generated to support multiple payload sizes while maintaining the general structure

of the LDPC code. To support payload sizes that are not a native payload size of one

of the 51 defined parity check matrices, known filler bits can be appended to the code

block before encoding. Since the NR LDPC codes are systematic codes, the filler bits can

be removed before transmission.

9.3 Rate matching and physical-layer hybrid-ARQ functionality

The rate-matching and physical-layer hybrid-ARQ functionality serves two purposes,

namely to extract a suitable number of coded bits to match the resources assigned for

transmission and to generate different redundancy versions needed for the hybrid-

ARQ protocol. The number of bits to transmit on the PDSCH or PUSCH depends

on a wide range of factors, not only the number of resource blocks and the number

of OFDM symbols scheduled, but also on the amount of overlapping resource elements

used for other purposes and such as reference signals, control channels, or system infor-

mation. There is also a possibility to, in the downlink, define reserved resources as a tool to

2/3

1/4

Transport block  size

Code rate for 
initial transmission

292 bits 3824 bits

BG1

BG2

Fig. 9.4 Selection of base graph for the LDPC code.
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provide future compatibility (see Section 9.10), which affects the number of resource

elements usable for the PDSCH.

Rate matching is performed separately for each code block. First, a fixed number of

the systematic bits are punctured. The fraction of systematic bits punctured can be rel-

atively high, up to 1/3 of the systematic bits, depending on the code block size. The

remaining coded bits are written into a circular buffer, starting with the non-punctured

systematic bits and continuing with parity bits as illustrated in Fig. 9.5. The selection of

the bits to transmit is based on reading the required number of bits from the circular buffer

where the exact set of bits to transmit depends on the redundancy version (RV) correspond-

ing to different starting positions in the circular buffer. Hence, by selecting different

redundancy versions, different sets of coded bits representing the same set of information

bits can be generated, which is used when implementing hybrid-ARQwith incremental

redundancy. The starting points in the circular buffer are defined such that both RV0 and

RV3 are self-decodable, that is, includes the systematic bits under typical scenarios. This

is also the reason RV3 is located after “nine o’clock” in Fig. 9.5 as this allows more of the

systematic bits to be included in the transmission.

In the receiver, soft combining is an important part of the hybrid-ARQ functionality as

described in Section 13.1. The soft values representing the received coded bits are buff-

ered and, if a retransmission occurs, decoding is performed using the buffered bits com-

bined with the retransmitted coded bits. In addition to a gain in accumulated received

Eb/N0, with different coded bits in different transmission attempts, additional parity bits

are obtained and the resulting code rate after soft combining is lower with a correspond-

ing coding gain obtained.

Soft combining requires a buffer in the receiver. Typically, a fairly high probability of

successful transmission on the first attempt is targeted and hence the soft buffer remains

RV0

RV1

RV2

RV3

1st transmission

2nd transmission

3rd transmission

4th transmission

Fig. 9.5 Example of circular buffer for incremental redundancy.
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unused most of the time. Since the soft buffer size is fairly large for the largest transport

block sizes, requiring the receiver to buffer all soft bits even for the largest transport block

sizes is suboptimal from a cost-performance tradeoff perspective. Hence, limited-buffer

rate-matching is supported as illustrated in Fig. 9.6. In principle, only bits the device can

buffer are kept in the circular buffer, that is, the size of the circular buffer is determined

based on the receiver’s soft buffering capability.

For the downlink, the device is not required to buffer more soft bits than correspond-

ing to the largest transport block size coded at rate 2/3. Note that this only limits the soft

buffer capacity for the highest transport block sizes, that is, the highest data rates. For

smaller transport block sizes, the device is capable of buffering all soft bits down to

the mother code rate.

For the uplink, full-buffer rate matching, where all soft bits are buffered irrespective of

the transport block size is supported given sufficient gNB memory. Limited-buffer rate

matching using the same principles as for the downlink can be configured using RRC

signaling.

The final step of the rate-matching functionality is to interleave the bits using a block

interleaver and to collect the bits from each code block. The bits from the circular buffer

are written row-by-row into a block interleaver and read out column-by-column. The

number of rows in the interleaver is given by the modulation order and hence the bits in

one column corresponds to one modulation symbold (see Fig. 9.7). This results in the

systematic bits spread across the modulation symbols, which improves performance.

Bit collection concatenates the bits for each code block.

9.4 Scrambling

Scrambling is applied to the block of coded bits delivered by the hybrid-ARQ function-

ality by multiplying the sequence of coded bits with a bit-level scrambling sequence. With-

out scrambling, the channel decoder at the receiver could, at least in principle, be equally

Soft buffer size

Systematic bits Parity bits

Soft buffer size

Systematic bits Parity bits

These 1/3 of bits will 
never be transmitted

These 2/3 of bits may be transmitted

Largest transport-
block size

Smaller transport-
block sizes

1/3 2/3

1/3 2/3

1/3 2/3

1/3 2/3

Fig. 9.6 Limited-buffer rate matching.

d This structure improves the performance for higher-order modulation.
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matched to an interfering signal as to the target signal, thus being unable to properly

suppress the interference. By applying different scrambling sequences for neighboring

cells in the downlink or for different devices in the uplink, the interfering signal(s) after

descrambling is (are) randomized, ensuring full utilization of the processing gain provided

by the channel code.

The scrambling sequence in both downlink (PDSCH) and uplink (PUSCH) depends

on the identity of the device, that is, the C-RNTI, and a data scrambling identity configured

in each device. If no data scrambling identity is configured, the physical layer cell identity

is used as a default value to ensure that neighboring devices, both in the same cell and

between cells, use different scrambling sequences. Furthermore, in case of two transport

blocks being transmitted in the downlink to support more than four layers, different

scrambling sequences are used for the two transport blocks.

9.5 Modulation

The modulation step transforms the block of scrambled bits to a corresponding block of

complex modulation symbols. The modulation schemes supported include QPSK,

16QAM, 64QAM, and 256QAM in both uplink and downlink. In addition, for the

uplink π/2-BPSK is supported in the case the DFT-precoding is used, motivated by a

reduced cubic metric [57] and hence improved power-amplifier efficiency, in particular

for coverage limited scenarios. Note that π/2-BPSK is neither supported nor useful in the

absence of DFT-precoding as the cubic metric in this case is dominated by the OFDM

waveform. In release 17, the set of downlink modulation schemes supported is extended

with 1024-QAM in FR1.

9.6 Layer mapping

The purpose of the layer-mapping step is to distribute the modulation symbols across the

different transmission layers. This is done by mapping every n:th symbol to the n:th layer.

One coded transport block can be mapped on up to four layers. In the case of five to eight

Write Read

M
od

ul
at
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n 

or
de

r

systematic bits

Fig. 9.7 Bit interleaver (16QAM assumed in this example).
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layers, a second transport block is mapped to layers five to eight following the same prin-

ciple as for the first transport block.

Multi-layer transmission is only supported in combination with OFDM, the baseline

waveform in NR.With DFT-precoding in the uplink, only a single transmission layer is

supported. This is motivated both by the receiver complexity, which in the case of multi-

layer transmission would be significantly higher with a DFT-precoder than without, and

the use case originally motivating the additional support of DFT-precoding, namely han-

dling of coverage-limited scenarios. In such a scenario, the received signal-to-noise ratio

is too low for efficient usage of spatial multiplexing and there is no need to support spatial

multiplexing from a single device.

9.7 Uplink DFT precoding

DFT precoding can be configured in the uplink only.e In the downlink, as well as the case

of OFDM in the uplink, the step is transparent.

In the case that DFT-precoding is applied in the uplink, blocks ofM symbols, are fed

through a size-M DFT as illustrated in Fig. 9.8, where M corresponds to the number of

subcarriers assigned for the transmission. The reason for the DFT precoding is to reduce

the cubic metric for the transmitted signal, thereby enabling higher power-amplifier effi-

ciency. From an implementation complexity point-of-view the DFT size should prefer-

ably be constrained to a power of 2. However, such a constraint would limit the scheduler

flexibility in terms of the amount of resources that can be assigned for an uplink trans-

mission. Rather, from a flexibility point-of-view all possible DFT sizes should preferably

be allowed. For NR, a middle-way has been adopted where the DFT size, and thus also

the size of the resource allocation, is limited to products of the integers 2, 3, and 5. Thus,

for example, DFT sizes of 60, 72, and 96 are allowed but a DFT size of 84 is not allowed.f

Fig. 9.8 DFT-precoding.

e Release 18 introduces the possibility to dynamically switch between OFDM and DFT-precoded OFDM as

part of the uplink scheduling grant.
f As uplink resource assignments are always done in terms of resource blocks of size 12 subcarriers, the DFT

size is always a multiple of 12.
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In this way, the DFT can be implemented as a combination of relatively low-complex

radix-2, radix-3, and radix-5 FFT processing.

9.8 Multi-antenna precoding

The purpose of multi-antenna precoding is to map the different transmission layers to a

set of antenna ports using a precoder matrix. In NR, the precoding and multi-antenna

operation differs between downlink and uplink. From a specification perspective, the

codebook-based precoding step is, except for CSI reporting, only visible in the uplink

direction. For a detailed discussion on how the precoding step is used to realize beam-

forming and different multi-antenna schemes see Chapters 11 and 12.

9.8.1 Downlink precoding
In the downlink, the demodulation reference signal (DM-RS) used for channel estima-

tion is subject to the same precoding as the PDSCH (see Fig. 9.9). Thus, the precoding is

not explicitly visible to the receiver but is seen as part of the overall channel. This is similar

to the receiver-transparent spatial filtering discussed in the context of CSI-RS and SRS in

Chapter 8. In essence, in terms of actual downlink transmission, any multi-antenna pre-

coding can be seen as part of such, to the device transparent, spatial filtering.

However, for the purpose of CSI reporting, the device may assume that a specific

precoding matrix W is applied at the network side. The device is then assuming that

the precoder maps the signal to the antenna ports of the CSI-RS used for the measure-

ments on which the reporting was done. The network is still free to use whatever pre-

coder it finds advantageous for data transmission.

To handle receiver-side beamforming, or in general multiple reception antennas with

different spatial characteristics, QCL relations between a DM-RS port group, which is

DM-RS

From layer mapping

CSI-RS

Multi-antenna precoding, W

Resource mapping

Physical antenna mapping, F

Fig. 9.9 Downlink precoding.
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the antenna ports used for PDSCH transmissiong, and the antenna ports used for CSI-RS

or SS block transmission can be configured. The Transmission Configuration Index (TCI)

provided as part of the scheduling assignment indicates the QCL relations to use, or in

other words, which reception beam to use. This is described in more detail in Chapter 12.

Demodulation reference signals are, as discussed in Section 9.11, transmitted in the

scheduled resource blocks and it is from those reference signals that the device can esti-

mate the channel, including any precoding W and spatial filtering F applied for PDSCH.

In principle, knowledge about the correlation between reference signal transmissions,

both in terms of correlation introduced by the radio channel itself and correlation in

the use of precoder, is useful to know and can be exploited by the device to improve

the channel estimation accuracy.

In the time domain, the device is not allowed to make any assumptions on the ref-

erence signals being correlated between PDSCH scheduling occasions. This is necessary

to allow full flexibility in terms of beamforming and spatial processing as part of the sched-

uling process.

In the frequency domain, the device can be given some guidance on the correlation.

This is expressed in the form of physical resource-block groups (PRGs). Over the frequency

span of one PRG, the device may assume the downlink precoder remains the same and

may exploit this in the channel-estimation process, while the device may not make any

assumptions in this respect between PRGs. From this it can be concluded that there is a

trade-off between the precoding flexibility and the channel-estimation performance – a

large PRG size can improve the channel-estimation accuracy at the cost of precoding

flexibility and vice versa. Hence, the gNBmay indicate the PRG size to the device where

the possible PRG sizes are two resource blocks, four resource blocks, or the scheduled

bandwidth as shown in the bottom of Fig. 9.10. A single value may be configured, in

which case this value is used for the PDSCH transmissions. It is also possible to dynam-

ically, through the DCI, indicate the PRG size used. In addition, the device can be con-

figured to assume that the PRG size equals the scheduled bandwidth in the case that the

scheduled bandwidth is larger than half the bandwidth part.

9.8.2 Uplink precoding
Similar to the downlink, uplink demodulation reference signals used for channel estima-

tion are subject to the same precoding as the uplink PUSCH. Thus, also for the uplink the

precoding is not directly visible from a receiver perspective but is seen as part of the over-

all channel (see Fig. 9.11).

However, from a scheduling point-of-view, the multi-antenna precoding of Fig. 9.1

is visible in the uplink as the network may provide the device with a specific precoder

g For multi-TRP support in release 16, two DM-RS port groups can be used. Some of the PDSCH layers

belong to one DM-RS port group and the other layers to the other DM-RS port group.
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matrix W the receiver should to use for the PUSCH transmission. This is done through

the precoding information and antenna port fields in the DCI. The precoder is then assumed

to map the different layers to the antenna ports of a configured SRS indicated by the

network. In practice this will be the same SRS as the network used for the measurement

on which the precoder selection was made. This is known as codebook-based precoding

since the precoder W to use is selected from a codebook of possible matrices and explic-

itly signaled. Note that the spatial filter F selected by the device also can be seen as a pre-

coding operation, although not explicitly controlled by the network. The network can

however restrict the freedom in the choice of F through the SRS resource indicator (SRI)

provided as part of the DCI.

DM-RS

From layer mapping

SRS

Multi-antenna precoding, W

Resource mapping

Physical antenna mapping, F

DM-RS antenna ports

SRS antenna ports

Fig. 9.11 Uplink precoding.

PRG size

PDSCH transmission to one device

Can assume
same precoding

Cannot assume
same precoding

PRG size A PRG size A PRG size B Sched. BW

PRG size A PRG size B

Bundling size indicator Scheduled bandwidth

Bundling size indicator

Semi-static PRG size Dynamic indication of PRG size

Fig. 9.10 Physical resource-block groups (top) and indication thereof (bottom).
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There is also a possibility for the network to operate with non-codebook-based precod-

ing. In this case W is equal to the identity matrix and precoding is handled solely by the

spatial filter F based on recommendations from the device.

Both codebook-based and non-codebook-based precoding are described in detail in

Chapter 11.

9.9 Resource mapping

The resource-block mapping takes the modulation symbols to be transmitted on each

antenna port and maps them to the set of available resource elements in the set of resource

blocks and OFDM symbols assigned by the MAC scheduler for the transmission.

As described in Section 7.3, a resource block is 12 subcarriers wide and typically

multiple resource blocks and multiple OFDM symbols are used for the transmission.

The set of time-frequency resources used for transmission is determined by the scheduler.

However, some or all of the resource elements within the scheduled resource blocks may

not be available for the transport-channel transmission as they are used for:

• Demodulation reference signals (potentially including reference signals for other

co-scheduled devices in case of multi-user MIMO) as described in Section 9.11;

• Other types of reference signals such as CSI-RS and SRS (see Chapter 8);

• Downlink L1/L2 control signaling (see Chapter 10);

• Synchronization signals and system information as described in Chapter 16;

• Downlink reserved resources as a means to provide forward compatibility as described

in Section 9.10.

The time-frequency resources to be used for transmission are signaled by the scheduler as

set of virtual resource blocks and a set of OFDM symbols. The time-domain resources – that
is, the OFDM symbols – may span up to one slot. This does not restrict transmissions to

slots – a transmission can in principle start at any OFDM symbol – but as a baseline the

transmission ends no later than at the slot boundary. In release 17, the possibility for map-

ping an uplink transport block over multiple slots (sometimes referred to with the abbre-

viation TBoMS) is introduced. The purpose is to improve uplink coverage by extending

the transmission duration and enable channel estimation spanning across multiple slots.

The modulation symbols are mapped to resource elements in the scheduled resource

in a frequency first, time second manner. The frequency-first, time-second mapping is

chosen to achieve low latency and allows both the transmitter and receiver to process the

data “on the fly.” For high data rates, there are multiple code blocks in each OFDM sym-

bol and the device can decode those received in one symbol while receiving the next

OFDM symbol. Similarly, assembling an OFDM symbol can take place while transmit-

ting the previous symbols, thereby enabling a pipelined implementation. This would not

be possible in the case of a time-first mapping as the complete slot needs to be prepared

before the transmission can start.
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The virtual resource blocks containing the modulation symbols are mapped to physical

resource blocks in the bandwidth part used for transmission. Depending on the bandwidth

part used for transmission, the common resource blocks can be determined and the exact fre-

quency location on the carrier determined (see Fig. 9.12 for an illustration). The reason

for this, at first sight somewhat complicated, mapping process with both virtual and phys-

ical resource blocks is to be able to handle a wide range of scenarios.

There are two methods for mapping virtual resource blocks to physical resource

blocks, non-interleaved mapping (Fig. 9.12: top) and interleaved mapping (Fig. 9.12:

bottom). The mapping scheme to use can be controlled on a dynamic basis using a

bit in the DCI scheduling the transmission.

Non-interleaved mappingmeans that a virtual resource block in a bandwidth part maps

directly to the physical resource block in the same bandwidth part. This is useful in cases

when the network tries to allocate transmissions to physical resource with instantaneously

favorable channel conditions. For example, the scheduler might have determined that

physical resource blocks six to nine in Fig. 9.12 have favorable radio channel properties

and are therefore preferred for transmission and a non-interleaved mapping is used.

Interleaved mapping maps virtual resource blocks to physical resource blocks using an

interleaver spanning the whole bandwidth part and operating on pairs or quadruplets of

resource blocks. A block interleaver with two rows is used, with pairs/quadruplets of

6 7 8 9 10 11 12 13 14 151 2 3 4 50

4 5 6 7 10 11 12 13 14 150 1 8 9

0 1 2 3 4 5 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 …

CRB
across carrier

PRB
across bandwidth part

VRB
6 7 8 9 10 11 12 13 14 151 2 30

0 1 2 3 4 5 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 …6 7

6 7 10 11 12 13 14 150 1 8 92 3

CRB
across carrier

PRB
across bandwidth part

VRB

Mapping VRBs to PRBs using a block
interleaver across whole bandwidth part

Mapping PRBs to CRBs using a 
bandwidth part starting position

Active bandwidth part

2 3

6 7

4 5

4 5

Non-interleaved mapping

Interleaved mapping

Active bandwidth part

Fig. 9.12 Mapping from virtual to physical to carrier resource blocks.
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resource blocks written column-by-column and read out row-by-row. Whether to use

pairs or quadruplets of resource blocks in the interleaving operation is configurable by

higher-layer signaling.

The reason for interleaved resource-block mapping is to achieve frequency diversity,

the benefits of which can be motivated separately for small and large resource allocations.

For small allocations, for example voice services, channel-dependent scheduling may

not be motivated from an overhead perspective due to the amount of feedback signaling

required, or may not be possible due to channel variations not being possible to track for a

rapidly moving device. Frequency diversity by distributing the transmission in the fre-

quency domain is in such cases an alternative way to exploit channel variations. Although

frequency diversity could be obtained by using resource allocation type 0 (see

Section 10.1.10), this resource allocation scheme implies a relatively large control signal-

ing overhead compared to the data payload transmitted as well as limited possibilities to

signal very small allocations. Instead, by using the more compact resource allocation type 1,

which is only capable of signaling contiguous resource allocations, combined with an

interleaved virtual to physical resource block mapping, frequency diversity can be

achieved with a small relative overhead. Since resource allocation type 0 can provide

a high degree of flexibility in the resource allocation, interleaved mapping is supported

for resource allocation type 1 only.

For larger allocations, possibly spanning the whole bandwidth part, frequency

diversity can still be advantageous. In the case of a large transport block, that is, at very

high data rates, the coded data are split into multiple code blocks as discussed in

Section 9.2.2. Mapping the coded data directly to physical resource blocks in a

frequency-first manner (remember, frequency-first mapping is beneficial from an over-

all latency perspective) would result in each code block occupying only a fairly small

number of contiguous physical resource blocks. Hence, if the channel quality varies

across the frequency range used for transmission, some code blocks may suffer worse

quality than other code blocks, possibly resulting in the overall transport block failing to

decode despite almost all code blocks being correctly decoded. The quality variations

across the frequency range may occur even if the radio channel is flat due to imperfec-

tions in RF components. If an interleaved resource-block mapping is used, one code

block occupying a contiguous set of virtual resource blocks would be distributed in

the frequency domain across multiple, widely separated physical resource blocks,

similar to what is the case for the small allocations discussed in the previous paragraph.

The result of the interleaved VRB-to-PRB mapping is a quality-averaging effect

across the code blocks, resulting in a higher likelihood of correctly decoding very large

transport blocks.

The discussion holds in general and in particular for the downlink. In the uplink, RF

requirements are specified for contiguous allocations only and therefore interleaved

mapping is only supported for downlink transmissions. To obtain frequency diversity also
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in the uplink, frequency hopping can be used where the data in the first set of OFDM

symbols in the slot are transmitted on the resource block as indicated by the scheduling

grant. In the remainingOFDM symbols, data are transmitted on a different set of resource

blocks given by a configurable offset from the first set. Uplink frequency hopping can be

dynamically controlled using a bit in the DCI scheduling the transmission.

9.10 Downlink reserved resources

One of the key requirements onNRwas to ensure forward compatibility, that is, to allow

future extensions and technologies to be introduced in a simple way without causing

backward-compatibility problems with, at that point in time, already deployed NR net-

works. Several NR technology components contribute to meeting this requirement, but

the possibility to define reserved resources in the downlink is one of the more important

tools. Reserved resources are semi-statically configured time-frequency resources around

which the PDSCH can be rate matched.

Reserved resources can be configured in three different ways:

• By referring to an LTE carrier configuration, thereby allowing for transmissions on an

NR carrier deployed on top of an LTE carrier (LTE/NR spectrum co-existence) to

avoid the cell-specific reference signals of the LTE carrier (see further details in

Chapter 18);

• By referring to a CORESET;

• By configuring resource sets using a set of bitmaps.

There are no reserved resources in the uplink; avoiding transmission on certain resources

can be achieved through scheduling.h

Configuring reserved resources by referring to a configured CORESET is used to

dynamically control whether control signaling resources can be reused for data or not

(see Section 10.1.2). In this case the reserved resource is identical to the CORESET con-

figured and the gNB may dynamically indicate whether these resources are usable for

PDSCH or not. Thus, reserved resources do not have to be periodically occurring

but can be used when needed.

The third way to configure reserved resources is based on bitmaps. The basic building

block for a resource-set configuration covers one or two slots in the time domain and can

be described by two bitmaps as illustrated in Fig. 9.13:

• A first time-domain bitmap, which in the NR specifications is referred to as “bitmap-

2,” indicates a set of OFDM symbols within the slot (or within a pair two slots).

h One reason is that only frequency-contiguous allocations are supported in the uplink, resulting in that

‘bitmap-1’ cannot be used as this may result in non-contiguous frequency-domain allocations.
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• Within the set of OFDM symbols indicated by bitmap-2, an arbitrary set of resource

blocks, that is, blocks of 12 resource elements in the frequency domain, may be

reserved. The set of resource blocks is indicated by a second bitmap, in the NR

specifications referred to as “bitmap-1.”

If the resource set is defined on a carrier level, bitmap-1 has a length corresponding to the

number of resource blocks within the carrier. If the resource set is bandwidth-part

specific, the length of bitmap-1 is given by the bandwidth of the bandwidth part.

The same bitmap-1 is valid for all OFDM symbols indicated by bitmap-2. In other

words, the same set of resource elements are reserved in all OFDM symbols indicated by

bitmap-2. Furthermore, the frequency-domain granularity of the resource-set configu-

ration provided by bitmap-1 is one resource block. In other words, all resource elements

within a (frequency-domain) resource block are either reserved or not reserved.

Whether or not the resources configured as reserved resources are actually reserved or

can be used for PDSCH can either be semi-statically or dynamically controlled.

In the case of semi-static control, a third bitmap (bitmap-3) determines whether or

not the resource-set defined by the bitmap-1/bitmap-2 pair or the CORSET is valid for a

certain slot or not. The bitmap-3 has a granularity equal to the length of bitmap-2 (either

one or two slots) and a length of 40 slots. In other words, the overall time-domain

periodicity of a semi-static resource set is defined by the triplet {bitmap-1, bitmap-2,

bitmap-3} is 40 slots in length.

In the case of dynamic activation of a rate-matching resource set, an indicator in the

scheduling assignment indicates if the semi-statically configured pattern is valid or not for

a certain dynamically scheduled transmission. Note that, although Fig. 9.14 assumes

scheduling on a slot basis, dynamic indication is equally applicable to transmission dura-

tions shorter than a slot. The indicator in the DCI should not be seen as corresponding to

a certain slot. Rather, it should be seen as corresponding to a certain scheduling

0 1 0 0 0 0 0 1 0 0 1 0 0 0

bitmap 2

01111

1
0

0

0

0

0

00

111

1111

bitmap 1

Fig. 9.13 Configuring reserved resources.
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assignment. What the indicator does is simply indicate if, for a given scheduling assign-

ment defined by a given DCI, a configured resource set should be assumed active or not

during the time over which the assignment is valid.

In the general case, a device can be configured with up to eight different resource sets.

Each resource set is configured either by referring to a CORSEST or by using the bitmap

approach described here. By configuring more than one resource-set configuration,

more elaborate patterns of reserved resources can be realized as illustrated in Fig. 9.15.

Although a device can be configured with up to eight different resource-set config-

urations each of which can be configured for dynamic activation, the configurations can-

not be independently activated in the scheduling assignment. Rather, to maintain a

reasonable overhead, the scheduling assignment includes at most two indicators. Each

resource set configured for dynamic activation is assigned to either one or both of these

indications and jointly activates or disables all resource set assigned to that indicator.

Fig. 9.15 illustrates an example with three configured resources sets where resource

set #1 and resource set #3 are assigned to indicator #1 and indicator #2 respectively

while resource set # 2 is assigned to both indicators. Note that the patterns in

Fig. 9.15 are not necessarily realistic, but rather chosen for illustrative purposes.

9.11 Reference signals

Reference signals are predefined signals occupying specific resource elements within the

downlink time–frequency grid. The NR specification includes several types of reference

signals transmitted in different ways and intended to be used for different purposes by a

receiving device.

Indicator #1 Indicator #2

Indication in DCI 0,0 0,1 1,0 1,1

Set #1 Set #2 Set #3

Fig. 9.15 Dynamic activation/activation in case of multiple configured resource sets.

1 0 0 1 1Indication in DCI

slot

Fig. 9.14 Dynamic activation/activation of a resource set by means of DCI indicator.
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Unlike LTE, which relies heavily on always-on, cell-specific reference signals in the

downlink for coherent demodulation, channel quality estimation for CSI reporting, and

general time-frequency tracking, NR uses different downlink reference signals for dif-

ferent purposes. This allows for optimizing each of the reference signals for their specific

purpose. It is also in line with the overall principle of ultra-lean transmission as the dif-

ferent reference signals can be transmitted only when needed. Later release of LTE took

some steps in this direction, but NR was designed around different reference signals for

different purposes from the start.

The NR reference signals include:

• Demodulation reference signals (DM-RS) for PDSCH are intended for channel estima-

tion at the device as part of coherent demodulation. They are present only in the

resource blocks used for PDSCH transmission. Similarly, the DM-RS for PUSCH

allows the gNB to coherently demodulate the PUSCH. The DM-RS for PDSCH

and PUSCH is the focus of this section; DM-RS for PDCCH and PBCH are

described in Chapters 10 and 16, respectively.

• Phase-tracking reference signals (PT-RS) can be seen as an extension to DM-RS for

PDSCH/PUSCH and are intended for phase-noise compensation. The PT-RS is

denser in time but sparser in frequency than the DM-RS, and, if configured, occurs

only in combination with DM-RS. A discussion of the phase-tracking reference signal

is found later in this chapter.

• CSI reference signals (CSI-RS) are downlink reference signals intended to be used by

devices to acquire downlink channel-state information (CSI). Specific instances of

CSI reference signals can be configured for time/frequency tracking and mobility

measurements. CSI reference signals are described in Section 8.1.

• Tracking reference signals (TRS) are sparse reference signals intended to assist the device

in time and frequency tracking. A specific CSI-RS configuration serves the purpose of

a TRS (see Section 8.1.7).

• Sounding reference signals (SRS) are uplink reference signals transmitted by the devices

and used for uplink channel-state estimation at the base stations. Sounding reference

signals are described in Section 8.3.

• Positioning reference signals (PRS), are downlink reference signals intended for position-

ing support, a feature introduced in release 16 and described in Chapter 27.

In the following, the demodulation reference signals intended for coherent demodulation

of PDSCH and PUSCH are described in more detail, starting with the reference signal

structure used for OFDM. The same DM-RS structure is used for both downlink and

uplink in the case of OFDM. For DFT-spread OFDM in the uplink, a reference signal

based on Zadoff-Chu sequences is used to improve the power-amplifier efficiency but

supporting contiguous allocations and single-layer transmission only as discussed in a later

section. Finally, a discussion on the phase-tracking reference signal is provided.

207Transport-channel processing

https://t.me/learningnets



9.11.1 Demodulation reference signals for OFDM-based downlink
and uplink
The DM-RS in NR provides quite some flexibility to cater for different deployment

scenarios and use cases: a front-loaded design to enable low latency, support for up to

12 orthogonal antenna ports for MIMO (increased to 24 in release 18), transmissions

durations from 2 to 14 symbols, and up to four reference-signal instances per slot to sup-

port very high-speed scenarios.

To achieve low latency, it is beneficial to locate the demodulation reference signals

early in the transmission, sometimes known as front-loaded reference signals. This allows

the receiver to obtain a channel estimate early and, once the channel estimate is obtained,

process the received symbols on the fly without having to buffer a complete slot prior to

data processing. This is essentially the same motivation as for the frequency-first mapping

of data to the resource elements.

Two main time-domain structures are supported, differencing in the location of the

first DM-RS symbol:

• Mapping type A, where the first DM-RS is located in symbol 2 or 3 of the slot and the

DM-RS is mapped relative to the start of the slot boundary, regardless of where in the

slot the actual data transmission starts. This mapping type is primarily intended for

the case where the data occupy (most of) a slot. The reason for symbol 2 or 3 in the

downlink is to locate the first DM-RS occasion after a CORESET located at the begin-

ning of a slot.

• Mapping type B, where the first DM-RS is located in the first symbol of the data

allocation, that is, the DM-RS location is not given relative to the slot boundary but

rather relative to where the data are located. This mapping is originally motivated

by transmissions over a small fraction of the slot to support very low latency and other

transmissions that benefit from not waiting until a slot boundary starts but can be used

regardless of the transmission duration.

The mapping type for PDSCH transmission can be dynamically signaled as part of the

DCI (see Section 9.11 for details), while for the PUSCH the mapping type is semi-

statically configured.

Although front-loaded reference signals are beneficial from a latency perspective, they

may not be sufficiently dense in the time domain in the case of rapid channel variations.

To support high-speed scenarios, it is possible to configure up to three additionalDM-RS

occasions in a slot. The channel estimator in the receiver can use these additional occa-

sions for more accurate channel estimation, for example to use interpolation between the

occasions within a slot. As a baseline, it is not possible to interpolate between slots, or in

general different transmission occasions, as different slots may be transmitted to different

devices and/or in different beam directions. Interpolating channel estimates across
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different slots directed to the same user may improve channel estimation at the cost of

reducing the multi-antenna and beamforming flexibility. With this in mind, release

17 provides the possibility to perform uplink channel estimation across reference symbols

in multiple, subsequent slots to improve coverage in some situations when the multi-

antenna flexibility is not needed. From a specification perspective, this boils down to con-

figuring the device to ensure properties such as phase continuity across the slots, while the

channel estimation as such is an implementation aspects handled in the base station.

The different time-domain allocations for PUSCH DM-RS are illustrated in

Fig. 9.16, including both singe symbol and double symbol DM-RS. The purpose of

the double-symbol DM-RS is primarily to provide a larger number of antenna ports

than what is possible with a single-symbol structure as discussed later. Note that the

time-domain location of the DM-RS depends on the scheduled data duration. Further-

more, the DM-RS patterns are at most one slot long. Interpolation between DM-RS

symbols should not extend beyond the scheduled transmission as different transmissions

may, for example, use different precoders or beam patterns, and the receive must take this

into account. However, release 17 introduces the possibility for uplink DM-RS bundling

across longer durations in combination with PUSCH/PUCCH repetition or transport-

blocks mapped across multiple slots. In this case, the gNB receiver can, after configuring

DM-RS bundling in the device, perform channel estimation across multiple slots, which

can be beneficial from a coverage perspective.

For the downlink, the same patterns as for the uplink are used, albeit with some

restrictions. For example, mapping type B for PDSCH only supports duration 2, 4,

and 7 in release 15, a restriction that has been lifted in release 16 to support any lengths

from 2 to 13 in order to better support unlicensed spectra as discussed in Chapter 20, as

well as to improve the support for dynamic spectrum sharing between NR and LTE on

the same carrier. For some of these lengths, the PDSCHmapping is slightly different than

the PUSCH mapping.i

Multiple orthogonal reference signals can be created in each DM-RS occasion. The

different reference signals are separated in the frequency and code domains, and, in the

case of a double-symbol DM-RS, additionally in the time domain. Two different types of

demodulation reference signals can be configured, type 1 and type 2, differing in the

mapping in the frequency domain and the maximum number of orthogonal reference

signals. Type 1 can provide up to four orthogonal signals using a single-symbol

DM-RS and up to eight orthogonal reference signals using a double-symbol DM-RS.

The corresponding numbers for type 2 are six and twelve. The numbers for both type

1 and type 2 can optionally be doubled in release 18 by trading the ability to handle

frequency selectivity for MU-MIMO multiplexing capacity. The reference signal types

i In case of LTE coexistence using reserved resources based on LTE CRS configurations, the PDSCH

DM-RS positions can sometimes be shifted in time not to collide with the LTE CRS positions.
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Fig. 9.16 Time-domain location of PUSCH DM-RS.
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(1 or 2) should not be confused with the mapping types (A or B); different mapping types

can be combined with different reference signal types.

Reference signals should preferably have small power variations in the frequency

domain to allow for a similar channel-estimation quality for all frequencies spanned by

the reference signal. Note that this is equivalent to a well-focused time-domain auto-

correlation of the transmitted reference signal. For OFDM-based modulation, a pseudo-

random sequence is used, more specifically a length 231�1 Gold sequence, which fulfills

the requirements on a well-focused auto correlation. The sequence is generated across all

the common resource blocks (CRBs) in the frequency domain but transmitted only in the

resource blocks used for data transmission as there is no reason for estimating the channel

outside the frequency region used for transmission. Generating the reference signal

sequence across all the resource blocks ensures that the same underlying sequence

is used for multiple devices scheduled on overlapping time-frequency resource in the

case of multi-user MIMO (see Fig. 9.17, orthogonal sequences are used on top of the

pseudo-random sequence to obtain multiple orthogonal reference signals from the same

pseudo-random sequence as discussed later). If the underlying pseudo-random sequence

would differ between different co-scheduled devices, the resulting reference signals would

not be orthogonal. The pseudo-random sequence is generated using a configurable iden-

tity, similar to the virtual cell ID in LTE. If no identity has been configured, it defaults to the

physical-layer cell identity.j

Returning to the type 1 reference signals, the underlying pseudo-random sequence is

mapped to every second subcarrier in the frequency domain in the OFDM symbol used

for reference signal transmission, see Fig. 9.18 for an illustration assuming only front-

loaded reference signals being used. Antenna portsk 1000 and 1001 use even-numbered

subcarriers in the frequency domain and are separated from each other by multiplying the

underlying pseudo-random sequence with different length-2 orthogonal sequences in

the frequency domain, resulting in transmission of two orthogonal reference signals

for the two antenna ports (in release 18, length-4 sequences can be configured as an

CRB grid for Δ f
0 1 2 3 4 5

xm Xm+7

Xm+5 Xm+12

x0 xM-1

m

Device 1

Device 2

Same underlying PN sequence for both devices

m+5 m+7 m+12

Fig. 9.17 Generating DM-RS sequences based on common resource block 0.

j In release 16, the CDM group number can also be included in the generation of the sequence in order to

lower the cubic metric of the transmitted signal.
k The downlink antenna port numbering is assumed in this example. The uplink structure is similar but with

different antenna port numbers.
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Fig. 9.18 Demodulation reference signals type 1.
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alternative to increase the number of reference signals). As long as the radio channel is flat

across four consecutive subcarriers, the two reference signals will be orthogonal also at the

receiver. Antenna ports 1000 and 1001 are said to belong toCDM group 0 as they use the

same subcarriers but are separated in the code-domain using different orthogonal

sequences. Reference signals for antenna ports 1002 and 1003 belong to CDM group

1 and are generated in the same way using odd-numbered subcarriers, that is, separated

in the code domain within the CDM group and in the frequency domain between CDM

groups. If more than four orthogonal antenna ports are needed, two consecutive OFDM

symbols are used instead. The structure above is used in each of the OFDM symbols and a

length-2 orthogonal sequence is used to extend the code-domain separation to also

include the time domain, resulting in up to eight orthogonal sequences in total.

Demodulation reference signals type 2 (see Fig. 9.19) have a similar structure as type

1, but there are some differences, most notably the number of antenna ports supported.

Each CDM group for type 2 consists of two neighboring subcarriers over which a length-

2 orthogonal sequences used to separate the two antenna ports sharing the same set of

subcarriers. Two such pairs of subcarriers are used in each resource block for one

CDM group. Since there are 12 subcarriers in a resource block, up to three CDM groups

with two orthogonal reference signals each can be created using one resource block in

one OFDM symbol. By using a second OFDM symbol and a time-domain length-2

sequence in the same way as for type 1, a maximum of 12 orthogonal reference signals

can be created with type 2. Although the basic structures of type 1 and type 2 have

many similarities, there are also differences. Type 1 is denser in the frequency domain,

while type 2 trades the frequency-domain density for a larger multiplexing capacity, that

is, a larger number of orthogonal reference signals. This is motivated by the support for

multi-user MIMO with simultaneous transmission to a relatively large number of

devices.

Release 18 provides enhancements doubling the number of possible antenna ports,

resulting in up to 16 antenna ports for type 1 and 24 antenna ports for type 2. This is

achieved by using longer orthogonal cover codes in the frequency domain, length-4

instead of length-2, resulting in a larger number of antenna ports without increasing

the DM-RS overhead. To fully exploit these enhancements, the radio channel needs

to be less frequency selective, otherwise the orthogonality between the different OCCs

is lost. Semi-static signaling is used to determine whether to use the release 15 reference

signals or the enhancements introduced in release 18.

The reference signal structure to use is determined based on a combination of

dynamic scheduling and higher-layer configuration. If a double-symbol reference signal

is configured, the scheduling decision, conveyed to the device using the downlink con-

trol information, indicates to the device whether to use single-symbol or double-symbol

reference signals. The scheduling decision also contains information for the device which

reference signals (more specifically, which CDM groups) that are intended for other
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Fig. 9.19 Demodulation reference signals type 2.
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devices. The scheduled device maps the data around both its own reference signals as well

as the reference signals intended for another device (see Fig. 9.20). This allows for a

dynamic change of the number of co-scheduled devices in case of multi-user MIMO.

In the case of spatial multiplexing of multiple layers for the same device (also known

as single-user MIMO), the same approach is used – each layer leaves resource elements

corresponding to another CDM group intended for the same device unused. This is to

avoid inter-layer interference for the reference signals.

The reference signal description above is applicable to both uplink and downlink.

Note though, that for precoder-based uplink transmissions, the uplink reference signal

is applied before the precoder (see Fig. 9.11). Hence, the reference signal transmitted is

not the structure above, but the precoded version of it.l

9.11.2 Demodulation reference signals for DFT-precoded OFDM uplink
DFT-precoded OFDM supports single-layer transmission only and is primarily

designed with coverage-challenged situations in mind. Due to the importance of

low cubic metric and corresponding high power-amplifier efficiency for uplink

DFT-precoded OFDM, the reference signal structure is somewhat different com-

pared to the OFDM case. In essence, transmitting reference signals frequency multi-

plexed with other uplink transmissions from the same device is not suitable for the

uplink as that would negatively impact the device power-amplifier efficiency due

to increased cubic metric. Instead, certain OFDM symbols within a slot are used

exclusively for DM-RS transmission – that is, the reference signals are time multiplexed
with the data transmitted on the PUSCH from the same device. The structure of the

reference signal itself then ensures a low cubic metric within these symbols as

described later.

Reference signal Unused resource elementsDataReference signal

No co-scheduled CDM group – reuse for data Co-scheduled CDM groups – leave resource elements empty

Co-scheduled device

Fig. 9.20 Rate matching data around co-scheduled CDM groups.

l In general, the reference signal transmitted is in addition subject to any implementation-specific multi-

antenna processing, captured by the spatial filter F in Section 9.8, and the word “transmitted” should

be understood from a specification perspective, that is, before the spatial filter F.
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In the time domain, the reference signals follow the same mapping as configuration

type 1. As DFT-precoded OFDM is capable of single-layer transmission only and

DFT-precoded OFDM is primarily intended for coverage-challenged situations, there

is no need to support configuration type 2 and its capability of handling a high degree

of multi-user MIMO. Furthermore, since multi-user MIMO is not a targeted scenario

for DFT-precoded OFDM, there is no need to define the reference signal

sequence across all common resource blocks as for the corresponding OFDM case,

but it is sufficient to define the sequence for the transmitted physical resource

blocks only.

Uplink reference signals should preferably have small power variations in the

frequency domain to allow for similar channel-estimation quality for all frequencies

spanned by the reference signal. As already discussed, for OFDM transmission it is

fulfilled by using a pseudo-random sequence with good auto-correlation properties.

However, for the case of DFT-precoded OFDM, limited power variations as a function

of time are also important to achieve a low cubic metric of the transmitted signal. Fur-

thermore, a sufficient number of reference-signal sequences of a given length, corre-

sponding to a certain reference-signal bandwidth, should be available in order to

avoid restrictions when scheduling multiple devices in different cells. A type of sequence

fulfilling these two requirements are Zadoff-Chu sequence, discussed in Chapter 8. From

a Zadoff-Chu sequence with a given group index and sequence index, additional

reference-signal sequences can be generated by applying different linear phase rotations

in the frequency domain, as illustrated in Fig. 9.21.

Although the Zaodoff-Chu-based sequence provides a low cubic metric, the cubic

metric for the PUSCH data is even lower in case of π/2-BPSKmodulation. Thus, uplink

coverage would in this case be limited by the demodulation reference signals, partially

offsetting the gains obtained with the low-cubic-metric π/2-BPSK modulation (for

Fig. 9.21 Generation of uplink reference-signal sequence from phase-rotated base sequence.
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QPSK and higher modulation schemes, this is not the case). To mitigate this, release 16

allows for an alternative demodulation reference signal sequence. This alternative

sequence is based on a π/2-BPSK-modulated pseudo-random sequence, except for

the shortest sequence lengths where carefully selected computer-generated sequences

are used.

9.11.3 Phase-tracking reference signals (PT-RS)
Phase-tracking reference signals (PT-RS) can be seen as an extension to DM-RS,

intended for tracking phase variations across the transmission duration, for example,

one slot. These phase variations can come from phase noise in the oscillators, primarily

at higher carrier frequencies where the phase noise tends to be higher. It is an example of a

reference signal type existing in NR but with no corresponding signal in LTE. This is

partially motivated by the lower carrier frequencies used in LTE, and hence less prob-

lematic phase noise situation, and partly it is motivated by the presence of cell-specific

reference signals in LTE which can be used for tracking purposes. Since the main

purpose is to track phase noise, the PT-RS needs to be dense in time but can be sparse

in frequency. The PT-RS only occurs in combination with DM-RS and only if the

network has configured the PT-RS to be present. Depending on whether OFDM or

DFT-precoded OFDM is used, the structure differs.

For OFDM, the first reference symbol (prior to applying any orthogonal sequence) in

the PDSCH/PUSCH allocation is repeated every Lth OFDM symbol, starting with the

first OFDM symbol in the allocation. The repetition counter is reset at each DM-RS

occasion as there is no need for PT-RS immediately after a DM-RS. The density in

the time-domain is linked to the scheduled MCS in a configurable way.

In the frequency domain, phase-tracking reference signals are transmitted in every

second or fourth resource block, resulting in a sparse frequency domain structure.

The density in the frequency domain is linked to the scheduled transmission bandwidth

such that the higher the bandwidth, the lower the PT-RS density in the frequency

domain. For the smallest bandwidths, no PT-RS is transmitted.

To reduce the risk of collisions between phase-tracking reference signals associated

with different devices scheduled on overlapping frequency-domain resources, the

subcarrier number and the resource blocks used for PT-RS transmission are determined

by the C-RNTI of the device. The antenna port used for PT-RS transmission is given by

the lowest numbered antenna port in the DM-RS antenna port group. Some examples of

PT-RS mappings are given in Fig. 9.22.

For DFT-precoded OFDM in the uplink, the samples representing the phase-

tracking reference signal are inserted prior to DFT-precoding. The time domain map-

ping follows the same principles as the pure OFDM case.
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Data

PT-RS

DM-RSCORESETs etc.

one slot

Fig. 9.22 Examples of PT-RS mapping in one resource block and one slot.
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CHAPTER 10

Physical-layer control signaling

To support the transmission of downlink and uplink transport channels, there is a need for

certain associated control signaling. This control signaling is often referred to as L1/L2 control

signaling, indicating that the corresponding information partly originates from the phys-

ical layer (layer 1) and partly from MAC (layer 2).

In this chapter, the downlink control signaling, including scheduling grants and

scheduling assignments, will be described, followed by the uplink control signaling car-

rying the necessary feedback from the device.

10.1 Downlink

Downlink L1/L2 control signaling consists of downlink scheduling assignments, includ-

ing information required for the device to be able to properly receive, demodulate, and

decode the DL-SCHon a component carrier, and uplink scheduling grants informing the

device about the resources and transport format to use for uplink (UL-SCH) transmis-

sion. In addition, the downlink control signaling can also be used for special purposes

such as conveying information about the symbols used for uplink and downlink in a

set of slots, preemption indication, and power control.

In NR, there is only a single control channel, the physical downlink control channel

(PDCCH). On a high level, the principles of the PDCCH processing in NR are similar

to LTE, namely that the device tries to blindly decode candidate PDCCHs transmitted

from the network using one or more search spaces. However, there are some differences

compared to LTE based on the different design targets for NR as well as experience from

LTE deployments:

• The PDCCH in NR does not necessarily span the full carrier bandwidth. This is a

natural consequence of the fact that not all NR devices may be able to receive the full

carrier bandwidth as discussed in Chapter 5, and led to the design of a more generic

control channel structure in NR.

• The PDCCH in NR is designed to support device-specific beamforming, in line with

the general beam-centric design of NR and a necessity when operating at very high

carrier frequencies with a corresponding challenging link budget.

These two aspects were to some extent addressed in the LTE EPDCCH design in release

11 although in practice EPDCCH has not been used extensively except as a basis for the

control signaling for eMTC.
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Two other control channels present in LTE, the PHICH and the PCFICH, are not

needed in NR. The former is used in LTE to handle uplink retransmissions and is tightly

coupled to the use of a synchronous hybrid-ARQ protocol, but since the NR hybrid-

ARQ protocol is asynchronous in both uplink and downlink the PHICH is not needed

in NR. The latter channel, the PCFICH, is not necessary in NR as the size of the control

resource sets (CORESETs) does not vary dynamically and reuse of control resources for

data is handled in a different way than in LTE as discussed further below.

In the following sections, the NR downlink control channel, the PDCCH, will be

described, including the notion of CORESETs, the time-frequency resources upon

which the PDCCH is transmitted. First, the PDCCH processing including coding

and modulation, will be discussed, followed by a discussion on the CORESET structure.

There can be multiple CORESETs on a carrier and part of the control resource set is the

mapping from resource elements and resource-element groups (REGs) to control channel

elements (CCEs). One or more CCEs from one CORESET are aggregated to form

the resources used by one PDCCH. Blind detection, the process where the device

attempts to detect if there are any PDCCHs transmitted to the device, is based on search

spaces. There can be multiple search spaces using the resources in a single CORESET as

illustrated in Fig. 10.1. Finally, the contents of the downlink control information (DCI) will

be described.

10.1.1 Physical downlink control channel
The payload transmitted on a PDCCH is known as Downlink Control Information (DCI)

which is processed and transmitted on a PDCCH. The PDCCH processing steps are

illustrated in Fig. 10.2. The first step is to calculate and attach a 24-bit CRC to detect

transmission errors and to aid the decoder in the receiver. The reason for the somewhat

large CRC size of 24 bits (as a comparison LTE uses 16 bits) is to reduce the risk of

incorrectly received control information and to assist early termination of the decoding

operation in the receiver.

The RNTI (which could be the device identity) modifies the CRC transmitted

through a scrambling operation. Upon receipt of the DCI, the device will compute a

scrambled CRC on the payload part using the same procedure and compare it against

CCE-to-REG
mapping

Search space
Search space

Search space
PDCCH candidate

PDCCH candidate
PDCCH candidate

sECCfoteSsGERfoteS

Fig. 10.1 Overview of PDCCH processing in NR from a device perspective.
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the received CRC. If the CRC checks, the message is declared to be correctly received

and intended for the device. Thus, the identity of the device that is supposed to receive

the DCI message is implicitly encoded in the CRC and not explicitly transmitted. This

reduces the number of bits necessary to transmit on the PDCCH as, from a device point

of view, there is no difference between a corrupt message whose CRC will not check,

and a message intended for another device. Note that the RNTI does not necessarily have

to be the identity of the device, the C-RNTI, but can also be different types of group or

common RNTIs, for example to indicate paging or a random-access response.

Channel coding of the PDCCH is based on Polar codes, a relatively new form of

channel coding. The basic idea behind Polar codes is to transform several instances of

the radio channel into a set of channels that are either noiseless or completely noisy

and then transmit the information bits on the noiseless channels. Decoding can be done

in several ways, but a typical approach is to use successive cancellation and list decoding.

Downlink Control Information

RNTI

Mapping to resource elements

DM-RS

K bit payload

K bit payload 24-bit CRCNULL

140 bits

RNTI
+

No puncturing Puncturing Shortening Repetition

24-bit CRC
attachment 

CRC
interleaver

RNTI
encoding

Polar
coding

Rate
matching

Scrambling

QPSK

Fig. 10.2 PDCCH processing.
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List decoding uses the CRC as part of the decoding process, which means that the error-

detecting capabilities are reduced. For example, list decoding of size eight results in a loss

of three bits from an error-detecting perspective, resulting in the 24-bits CRC providing

error-detecting capabilities corresponding to a 21-bit CRC. This is part of the reason for

using a 24-bit CRC and not a 16-bit CRC.

In contrast to several other coding schemes, for example tail biting convolutional

codes, Polar codes need to be designed with a maximum number of information bits in

mind. In NR, the Polar code has been designed to support 512 coded bits (prior to rate

matching) in the downlink. Up to 140 information bits can be handled, which provides a

sufficient margin for future extensions as the DCI payload size in current NR releases is

significantly less. For small payloads, below 12 bits, padding up to 12 bits is used. To assist

early termination in the decoding process, the CRC is not attached at the end of the

information bits, but inserted in a distributed manner, after which the Polar code is applied.

Early termination can also be achieved by exploiting the path metric in the decoder.

Rate matching is used to match the number of coded bits to the resources available for

PDCCH transmission. This is a somewhat intricate process and is based on a one of short-

ening, puncturing, or repetition of the coded bits after subblock interleaving of 32 blocks.

The set of rules selecting between shortening, puncturing, and repetition, as well as when

to use which of the schemes, is designed to maximize performance.

Finally, the coded and rate matched bits are scrambled, modulated using QPSK, and

mapped to the resource elements used for the PDCCH, the details of which will be dis-

cussed below. Each PDCCH has its own reference signal which means that the PDCCH

can make full use of the antenna setup, for example be beamformed in a particular direc-

tion. The complete PDCCH processing chain is illustrated in Fig. 10.2.

The mapping of the coded and modulated DCI to resource elements is subject to a

certain structure, based on control-channel elements (CCEs) and resource-element groups

(REGs).a

A PDCCH is transmitted using 1, 2, 4, 8, or 16 contiguous control-channel elements

with the number of control-channel elements used referred to as the aggregation level. The

control-channel element is the unit upon which the search spaces for blind decoding are

defined as will be discussed in Section 10.1.3. A control-channel element consists of six

resource-element groups, each of which is equal to one resource block in one OFDM

symbol. After accounting for the DM-RS overhead, there are 54 resource elements (108

bits) available for PDCCH transmission in one control-channel element.

The CCE-to-REGmapping can be either interleaved or non-interleaved. The moti-

vation for having two different mapping schemes is to be able to provide frequency diver-

sity by using an interleaved mapping or to facilitate interference coordination and

a Although the names are borrowed from LTE, the size of the two differs from their LTE counterparts, as

does the CCE-to-REG mapping.
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frequency-selective transmission of control channels by using non-interleaved mapping.

The details of the CCE-to-REG mapping will be discussed in the next section as part of

the overall CORESET structure.

10.1.2 Control resource set
Central to downlink control signaling in NR is the concept of CORESETs. A control

resource set is a time-frequency resource in which the device tries to decode candidate

control channels using one or more search spaces. The size and location of a CORESET

in the time-frequency domain is semi-statically configured by the network and can thus

be set to be smaller than the carrier bandwidth. This is especially important in NR as a

carrier can be very wide, up to 400MHz, and it is not reasonable to assume all devices can

receive such a wide bandwidth.

In LTE, the concept of a CORESET is not explicitly present. Instead, downlink con-

trol signaling in LTE uses the full carrier bandwidth in the first 1–3 OFDM symbols (four

for the most narrowband case). This is known as the control region in LTE and in prin-

ciple this control region would correspond to the “LTE CORESET” if that term would

have been used. Having the control channels spanning the full carrier bandwidth was well

motivated by the desire for frequency diversity and the fact that all LTE devices support

the full 20MHz carrier bandwidth (at least at the time of specifying release 8). However,

in later LTE releases this leads to complications when introducing support for devices not

supporting the full carrier bandwidth, for example the eMTC devices introduced in

release 12. Another drawback of the LTE approach is the inability to handle frequency-

domain interference coordination between cells for the downlink control channels. To

some extent, these drawbacks with the LTE control channel design were addressed with

the introduction of the EPDCCH in release 11, but the EPDCCH feature has so far not

been widely deployed in practice as an LTE network still needs to provide PDCCH sup-

port for initial access and to handle non-EPDCCH-capable LTE devices. Therefore, a

more flexible structure is used in NR from the start.

Up to three CORESETs can be configured for each of the up to four bandwidth parts

configured. The location in the frequency domain can be anywhere within the band-

width part with a granularity of six resource blocks (see Fig. 10.3). However, a device

is not expected to handle CORESETs outside its active bandwidth part.

The first CORESET, CORESET 0, is handled in a special way. Its location in the

frequency domain is not restricted to multiples of six resource blocks and is signaled as

part of the master information block (MIB) for stand-alone operation. CORESET 0

is used to receive the rest of the system information. For non-standalone operation,

the location of CORESET 0 is signaled on the LTE carrier. After connection setup, a

device can be configured with multiple additional, potentially overlapping, CORESETs

by RRC signaling.
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In the time domain, a CORESET can be up to three OFDM symbols in duration and

located anywhere within a slotb although a common scenario, suitable for traffic scenarios

when a scheduling decision is taken once per slot, is to locate the CORESET at the

beginning of the slot. This is similar to the LTE situation with control channels at the

beginning of each LTE subframe. However, configuring a CORESET at other time

instances can be useful, for example to achieve very low latency for transmissions occu-

pying only a few OFDM symbols without waiting for the start of the next slot. It is

important to understand that a CORESET is defined from a device perspective and only

indicates where a device may receive PDCCH transmissions. It does not say anything on

whether the gNB actually transmits a PDCCH or not.

Depending on where the front-loaded DM-RS for PDSCH are located, in the third

or fourth OFDM symbol of a slot (see Section 9.11.1), the maximum duration for a

CORESET is two or three OFDM symbols. This is motivated by the typical case of

locating the CORESET before the start of downlink reference signals and the

associated data.

A CORESET in NR is of fixed size, that is, it does not vary dynamically over time.

This is beneficial from an implementation perspective, both for the device and the net-

work. From a device perspective, a pipelined implementation is simpler if the device can

directly start to process the PDCCH without having to first decode another channel to

determine the CORESET size.c Having a streamlined and implementation-friendly

structure of the PDCCH is important in order to realize the very low latency targeted

by NR. However, from a spectral efficiency point-of-view, it is beneficial if resources

can be shared flexibly between control and data in a dynamic manner. Therefore,

NR provides the possibility to start the PDSCH data before the end of a CORESET.

It is also possible to, for a given device, reuse unused CORESET resources as illustrated

in Fig. 10.4. To handle this, the general mechanism of reserved resources is used

CORESET #1

CORESET #2

CORESET #3

CORESET #4

one slot

Fig. 10.3 Examples of CORESET configurations.

b The time-domain location of a CORESET is obtained from the search space configuration using the

CORESET in question.
c In LTE, the PCFICH is used to indicate the size of the control region.

224 5G/5G-Advanced

https://t.me/learningnets



(see Section 9.10). Reserved resources that overlap with the CORESET are configured

and information in the DCI indicates to the device whether the reserved resources are

used by the PDSCH or not. If they are indicated as reserved, the PDSCH is rate matched

around the reserved resources overlapping with the CORESET, and if the resources are

indicated as available, the PDSCH uses the reserved resources for data except for the

resources used by the PDCCH upon which the device received the DCI scheduling

the PDSCH.

For each CORESET there is an associated CCE-to-REGmapping, a mapping that is

described using the term REG bundle. A REG bundle is a set of REGs across which the

device can assume the precoding is constant. This property can be exploited to improve

the channel-estimation performance in a similar way as resource-block bundling for

the PDSCH.

As already mentioned, the CCE-to-REG mapping can be either interleaved or non-

interleaved depending onwhether frequency-diverse or frequency-selective transmission

is desired. There is only one CCE-to-REG mapping for a given CORESET, but since

the mapping is a property of the CORESET, multiple CORESETs can be configured

with different mappings which can be useful. For example, one or more CORESETs

configured with non-interleaved mapping to benefit from frequency-dependent sched-

uling, and one or more configured with interleaved mapping to act as a fallback in case

the channel-state feedback becomes unreliable due to the device moving rapidly.

The non-interleaved mapping is straightforward. The REG bundle size is six for this

case, that is, the device may assume the precoding is constant across a whole CCE. Con-

secutive bundles of six REGs are used to form a CCE.

The interleaved case is a bit more intricate. In this case, the REG bundle size is con-

figurable between two alternatives. One alternative is six, applicable to all CORESET

durations, and the other alternative is, depending on the CORESET duration, two or

three. For a duration of one or two OFDM symbols, the bundle size can be two or

six, and for a duration of three OFDM symbols, the bundle size can be three or six.

In the interleaved case, the REG bundles constituting a CCE are obtained using a block

interleaver to spread out the different REG bundles in frequency, thereby obtaining fre-

quency diversity. The number of rows in the block interleaver is configurable to handle

different deployment scenarios (Fig. 10.5).

PDCCH in this CORESET 
(indicated as reserved)

Data scheduled on unused 
CORESET resources

Data can start before 
the end of the PDCCH

Fig. 10.4 No reuse (left) and reuse (right) of CORESET resources for data transmission (the device is
configured with two CORESETs in this example).

225Physical-layer control signaling

https://t.me/learningnets



13
14

15
16

17

8
9

10
11

12

0
1

2
3

4
5

6
7

26
28

30
32

34

0
2

4
6

8
10

12
14

16
18

20
22

24
27

29
31

33
35

1
3

5
7

9
11

13
15

17
19

21
23

25
13

14
15

16
17

8
9

10
11

12

0
1

2
3

4
5

6
7

REG bundle

REG

CCE

PDCCH

1 symbol CORESET 2 symbol CORESET 1 symbol CORESET
bundling size 2

2 symbol CORESET
bundling size 2

26
28

30
32

34

0
2

4
6

8
10

12
14

16
18

20
22

24
27

29
31

33
35

1
3

5
7

9
11

13
15

17
19

21
23

25

REG bundle

2 symbol CORESET
bundling size 6

non-interleaved mapping interleaved mapping

REGs
OFDM symbol

26
28

30
32

34

0
2

4
6

8
10

12
14

16
18

20
22

24

3

27
29

31
33

35

1

5
7

9
11

13
15

17
19

21
23

25

3

CORESET

Fig. 10.5 Examples of CCE-to-REG mapping.

https://t.me/learningnets



As part of the PDCCH reception process, the device needs to form a channel estimate

using the reference signals associated with the PDCCH candidate being decoded.

A single antenna port is used for the PDCCH, that is, any transmit diversity or multi-

user MIMO scheme is handled in a device-transparent manner.

The PDCCH has its own demodulation reference signals, based on the same type of

pseudo-random sequence as the PDSCH – the pseudo-random sequence is generated

across all the common resource blocks in the frequency domain but transmitted only

in the resource blocks used for the PDCCH (with one exception as discussed later).

However, during initial access, the location for the common resource blocks is not

yet known as it is signaled as part of the system information. Hence, for CORESET

0 configured by the PBCH, the sequence is generated starting from the first resource

block in the CORESET instead.

Demodulation reference-signals specific for a given PDCCH candidate are mapped

onto every fourth subcarriers in a resource-element group, that is, the reference signal

overhead is 1/4. This is a denser reference signal pattern than in LTE which uses a ref-

erence signal overhead of 1/6, but in LTE the device can interpolate channel estimates in

time and frequency as a consequence of LTE using a cell-specific reference signal com-

mon to all devices and present regardless of whether a control-channel transmission takes

place or not. The use of a dedicated reference signal per PDCCH candidate is beneficial,

despite the slightly higher overhead, as it allows for different types of device-transparent

beamforming. By using a beamformed control channel, the coverage and performance

can be enhanced compared to the non-beamformed control channels in LTE.d This is an

essential part of the beam-centric design of NR.

When attempting to decode a certain PDCCH candidate occupying a certain set of

CCEs, the device can compute the REG bundles that constitute the PDCCH candidate.

Channel estimation must be performed per REG bundle as the network may change

precoding across REG bundles. In general, this results in sufficiently accurate channel

estimates for good PDCCH performance. However, there is also a possibility to

configure the device to assume the same precoding across contiguous resource blocks in

a CORESET, thereby allowing the device to do frequency-domain interpolation of

the channel estimates. This also implies that the device may use reference signals outside

the PDCCH it is trying to detect, sometimes referred to as wideband reference signals

(see Fig. 10.6 for an illustration). In some sense this gives the possibility to partially mimic

the LTE cell-specific reference signals in the frequency domain, of course with a

corresponding limitation in terms of beamforming possibilities.

Related to channel estimation are, as has been discussed for other channels, the

quasi-colocation relations applicable to the reference signals. If the device knows that

two reference signals are quasi-colocated, this knowledge can be exploited to improve

d The LTE EPDCCH introduced device-specific reference signals in order to allow beamforming.
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the channel estimation and, more importantly for the PDCCH, to manage different

reception beams at the device (see Chapter 12 for a detailed discussion on beam manage-

ment and spatial quasi-colocation). To handle this, each CORESET can be configured

with a transmission configuration indication (TCI) state, that is, providing information of the

antenna ports the PDCCH antenna ports are quasi-co-located with. If the device has a

certain CORESET spatially co-located with a certain CSI-RS, the device can determine

which reception beam is appropriate when attempting to receive PDCCHs in this COR-

ESET, as illustrated in Fig. 10.7. In this example, two CORESETs have been configured

in the device, one CORESET with spatial QCL between DM-RS and CSI-RS #1, and

one CORESET with spatial QCL between DM-RS and CSI-RS#2. Based on CSI-RS

measurements, the device has determined the best reception beam for each of the two

CSI-RS:es. When monitoring CORESET #1 for possible PDCCH transmissions,

the device knows the spatial QCL relation and uses the appropriate reception beam

(similarly for CORESET #2). In this way, the device can handle multiple reception

beams as part of the blind decoding framework.

CORESET

REGs for 
PDCCH #1

DM-RS for 
PDCCH #1

DM-RS for 
PDCCH #2 REGs for 

PDCCH #2

REGs for 
PDCCH #1

REGs for 
PDCCH #2

DM-RS for all 
PDCCHs in the 
CORESET

CORESET

Normal case – DM-RS per PDCCH Wideband RS

Fig. 10.6 Normal RS structure (left) and wideband RS structure (right).

one slot

CORESET #1: CSI-RS #1 QCL:ed with DM-RS

CORESET #2: CSI-RS #2 QCL:ed with DM-RS

Fig. 10.7 Example of QCL relation for PDCCH beam management.
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If no quasi-colocation is configured for a CORESET the device assumes the PDCCH

candidates to be quasi-co-located with the SSB with respect to delay spread, Doppler

spread, Doppler shift, average delay, and spatial Rx parameters. This is a reasonable

assumption as the device has been able to receive and decode the PBCH in order to access

the system.

10.1.3 Blind decoding and search spaces
Downlink control signaling is used for multiple purposes and the number of bits required

may vary depending on the usage of the control message. A DCI message is therefore

characterized by two aspects – the DCI size and the DCI type. The size and type are a

priori unknown to the device, which therefore needs to blindly decode a PDCCH can-

didate. As part of this process, the code rate needs to be known. By attempting to decode

using different hypotheses – combinations of payload sizes and amount of time-frequency

resources – and checking the CRC, the device can detect valid control information, if

any. The purpose of the control information, that is, the DCI type, also needs to be

determined.

One general approach would be to treat DCI size and DCI type separately such that

the device blindly decodes a number of different DCI sizes and once a candidate PDCCH

was successfully decoded, a header in the first few bits could inform the device how to

interpret the remaining payload. However, partly for historical reasons, the NR design

inherited the LTE structure where size and type are lumped together into a DCI format,

although the coupling between the two is somewhat less tight than in LTE. The DCI

format thus characterizes not only the type, or purpose, of the DCI but also the size. Dif-

ferent formats could still have the same DCI sizes, but in this case additional bits are

required in the payload to indicate the purpose of the DCI.

Blind decoding is a non-negligible processing burden for the device and large parts of

the downlink control channel design is related to reducing this complexity. Two impor-

tant aspects to limit the blind decoding complexity is to limit the number of PDCCH

candidates by restricting the location in the time-frequency domain and not allowing

arbitrary aggregation levels, and to limit the set of DCI sizes to monitor.

The CCE structure described in the previous section provides a well-defined time-

frequency structure useful to limit the number of candidates but is not sufficient. Clearly,

from a scheduling point of view, restrictions in the allowed aggregation levels are unde-

sirable as they may reduce the scheduling flexibility and require additional processing at

the transmitter side. At the same time, requiring the device to monitor all possible CCE

aggregations and locations in all configured CORESETs is not attractive from a device-

complexity point of view. To impose as few restrictions as possible on the scheduler

while at the same time limit the maximum number of blind decoding attempts in the

device, NR defines so-called search spaces. A search space is a set of candidate control
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channels formed by CCEs at a given aggregation level, which the device is supposed to

attempt to decode. As there are multiple aggregation levels a device can have multiple

search spaces. A search space set is a set of search spaces with different aggregation levels

linked to the same CORESET. Thus, by configuring a CORESET and a search space

set, the device can monitor the presence of control channels with different aggregation

levels but using the same time-frequency resource. The purpose of the different aggre-

gation levels is to control the code rate of the PDCCH and therefore be able to perform

link adaptation of the PDCCH. The higher the aggregation level, the lower the code rate

given a fixed DCI size. Thus, in poor channel conditions, the gNB would select a higher

aggregation level than in favorable channel conditions.

Up to 10 search space sets can be configured for each of the four bandwidth parts. For

each search space an associated CORESET is configured, together with information on

when in time the search space occurs. Thus, time time-domain aspect of a CORESET is

not configured as part of the CORESET configuration but obtained from the search

space set configuration. The search space set configuration also includes information

on the number of PDCCH candidates for each aggregation level and which DCI formats

to monitor. A device is not supposed to receive a PDCCH outside its active bandwidth

part, which follows from the overall purpose of a bandwidth part. It is also possible to

dynamically, through the PDCCH, switch between different groups of search space sets.

The purpose of this feature is to reduce the device power consumption during periods of

little data activity and is described inmore detail in Chapter 14. Another usage of dynamic

search space set switching is when operating in unlicensed spectra, see Chapter 20.

At a configured monitoring occasion for a search space set, the devices will attempt to

decode the candidate PDCCHs for the search spaces in the search space set. Five different

aggregation levels corresponding to 1, 2, 4, 8, and 16 CCEs, respectively, can be con-

figured. The highest aggregation level, 16, was added to NR in case of extreme coverage

requirements although the code rate is sufficiently low already at lower aggregation levels

and power boosting of, for example, aggregation level 8 or even 4 could be used instead.

The number of PDCCH candidates can be configured per search space (and thus also per

aggregation level). Hence NR has a more flexible way of spending the blind decoding

attempts across aggregation levels than LTE, where the number of blind decodes at each

CORESETs with search spaces for aggregation level 2 monitored

Aggregation level 4 monitoredNo monitoring in this occasion of the search space No monitoring in this occasion of the search space

one slot

Fig. 10.8 Example of a search space set configuration.
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aggregation level was fixed. This is motivated by the wider range of deployments

expected for NR. For example, in a small-cell scenario the highest aggregation levels

may not be used, and it is better to spend the limited number of blind decoding attempts

the device is dimensioned for on the lower aggregation levels than on blind decoding on

an aggregation level that is never used.

Search space set 0 is special. It is linked to CORESET 0 and configured based on

information in the MIB. The purpose of this search space set is to be able to receive

the rest of the system information although it can be used for other purposes as well.

The remaining search space sets are configured using RRC signaling, either as part of

the system information or as by using dedicated RRC signaling.

Upon attempting to decode a candidate PDCCH, the content of the control channel

is declared as valid for this device if the CRC succeeds. The device processes the infor-

mation (scheduling assignment, scheduling grants, etc.) and acts accordingly. If the CRC

does not succeed, the information is either subject to uncorrectable transmission errors or

intended for another device and in either case the device ignores that PDCCH

transmission.

Having discussed the search spaces, it is clear that the network can only address a

device if the control information is transmitted on a PDCCH formed by the CCEs in

one of the device’s search spaces. For example, device A in Fig. 10.9 cannot be addressed

on a PDCCH starting at CCE number 20, whereas device B can. Furthermore, if device

A is using CCEs 16–23, device B cannot be addressed on aggregation level 4 as all CCEs

in its level-4 search space are blocked by being used for other devices. From this it can be

intuitively understood that for efficient utilization of the CCEs in the system, the search

spaces should differ between devices (except if all devices are able to monitor all CCEs

which is unlikely from a complexity perspective). Each device in the system can therefore

have one or more device-specific search spaces (also known as UE-specific search spaces,

USS) configured. As a device-specific search space for complexity reasons typically

cannot contain all the CCEs the network could transmit upon at the corresponding

aggregation level, there must be a mechanism determining the set of CCEs in a

device-specific search space.

One possibility would be to let the network configure the device-specific search space

in each device, similar to the way the CORESETs are configured. However, this would

require explicit signaling to each of the devices and possibly reconfiguration at handover.

Instead, the location of a device-specific search spaces, expressed as a starting CCE num-

ber, is defined without explicit signaling through a function of the C-RNTI, a device

identity unique in the cell. Furthermore, the set of CCEs the device should monitor

for a certain aggregation level also varies as a function of time to avoid two devices con-

stantly blocking each other. This randomizes the location of a search space over time. If

two search spaces collide at one time instant, they are not likely to collide at the next time
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Fig. 10.9 Example of search spaces for two different devices.
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instant. In each of these search spaces, the device is attempting to decode the PDCCHs

using the device-specific C-RNTI identity.e If valid control information is found, for

example a scheduling grant, the device acts accordingly.

However, there is also information intended for a group of devices. Furthermore, as

part of the random-access procedure, it is necessary to transmit information to a device

before it has been assigned a unique identity. These messages are scheduled with different

predefined RNTIs, for example the SI-RNTI for scheduling system information, the

P-RNTI for transmission of a paging message, the RA-RNTI for transmission of the

random-access response, and TPC-RNTI for uplink power control. Other examples

are the INT-RNTI used for preemption indication and the SFI-RNTI used for convey-

ing slot-related information. These types of information cannot rely on a device-specific

search space as different devices would monitor different CCEs despite the message being

intended for all of them. Hence, NR also defines common search spaces (CSS).f A common

search space is similar in structure to a device-specific search space with the difference that

the set of CCEs is predefined and hence known to all devices, regardless of their own

identity. Whether a search space is common or device specific is provided as part of

the search space set configuration.

The different DCI formats, described in more detail in the following section, search

spaces, and RNTIs are summarized in Table 10.1. The size of the DCI formats depends

heavily on the configuration and which fields that are present, and it is therefore hard to

state the DCI size without also stating the corresponding configuration, but the DCI size

for uplink and downlink scheduling can be in the order of 70 bits (excluding CRC).

As discussed previously, blind decoding is a non-negligible processing burden for the

device. To limit the device complexity, a baseline DCI size budget of “3+1” is therefore

used, meaning that a device at most monitors three different DCI sizes using the

C-RNTI (and hence being time-critical for scheduling) and one DCI size using other

RNTIs (and hence less time critical). Some devices may in some situations be able to

perform more blind decodes than what the “3+1” budget might suggest, but not all

devices have this capability. Hence, despite there might be a relatively large number

of different DCI messages (and DCI formats), the payloads sizes must be aligned to meet

the constraints of the device processing capability. The DCI size budget is enforced by an

intricate set of size-alignment rules (see [90] for details) where certain DCI formats are

padded to match the size of other DCI formats. The result of the size-alignment depends

on the configuration and hence the set of DCI formats the device has to monitor, but a

e There is can also be an additional device-specific identity, the CS-RNTI, used for semi-persistent

scheduling as discussed in Chapter 14, and a MCS-CRNTI, used in the same way as the C-RNTI but

indicating a more robust transmission as discussed in Section 10.1.17. There are also RNTIs used for

semi-persistent scheduling and configured grants.
f The NR specifications defines different types of common search spaces depending on the RNTI

monitored, but this is not important for understanding the general principle of search spaces.
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Table 10.1 Summary of DCI formats, search spaces, and RNTIs (simplified).

DCI
format Search space Possible RNTIsa Usage

0_0 USS C-RNTI Uplink scheduling (fallback)

CSS in PCell

CSS in PCell TC-RNTI Random access procedure

0_1 USS C-RNTI Uplink scheduling

SP-CSI-RNTI Activation of semi-persistent CSI

reporting

0_2 USS C-RNTI Uplink scheduling

SP-CSI-RNTI Activation of semi-persistent CSI

reporting

0_3 USS C-RNTI Uplink co-scheduling of multiple

carriers

1_0 USS C-RNTI Downlink scheduling (fallback)

CSS in PCell

CSS in PCell SI-RNTI Scheduling of system information

RA-RNTI,

msgB-RNTI

Random-access response

TC-RNTI Random access procedure

P-RNTI Paging messages

1_1 USS C-RNTI Downlink scheduling

1_2 USS C-RNTI Downlink scheduling

1_3 USS C-RNTI Downlink co-scheduling of multiple

carriers

2_0 CSS SFI-RNTI Slot format indicator

2_1 CSS INT-RNTI Preemption indicator

2_2 CSS TPC-PUCCH-RNTI PUCCH power control

TPC-PUSCH-RNTI PUSCH power control

2_3 CSS TPC-SRS-RNTI SRS power control

2_4 CSS CI-RNTI Uplink cancellation indicator

2_5 CSS AI-RNTI Soft resource availability for IAB

2_6 CSS PS-RNTI Power saving information

2_7 CSS PEI-RNTI Paging early indicator, dynamic TRS

indication

3_0 USS SL-RNTI,

SL-CS-RNTI

Scheduling of an NR sidelink

3_1 USS SL-L-CS-RNTI Scheduling of an LTE sidelink

4_0 CSS MCCH-RNTI,

G-RNTI

Scheduling of broadcast transmissions

4_1 CSS G-RNTI,

G-CS-RNTI

Scheduling of multicast transmissions

4_2 CSS G-RNTI,

G-CS-RNTI

Scheduling of multicast transmissions

5_0 CSS NCR-RNTI Beam indication for network-

controlled repeaters.

aC-RNTI should be read as including all three of C-RNTI, MCS-C-RNTI, and CS-RNTI.
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fairly typical setup results in three different DCI sizes for scheduling and one DCI size for

various control purposes:

• a size given by DCI format 0_0/1_0, monitored using the C-RNTI in the device spe-

cific search spaces, and C-RNTI as well as various other RNTIS in common search

spaces;

• a size given by DCI format 0_1, monitored using the C-RNTI in the device specific

search spaces;

• a size given by DCI format 1_1, monitored using the C-RNTI in the device specific

search spaces; and

• a size given byDCI formats in the 2_x family, monitored in common search spaces and

using various RNTIs other than the C-RNTI. Configurations need to ensure that all

the monitored formats in the 2_x family are of the same size.

Other configurations are of course also possible, for example using only format 0_0/1_0

for scheduling and thereby allowing a larger freedom when configuring the 2_x formats.

The “3+1” budget is not sufficient to control the device complexity. Even if the

number of DCI sizes is limited, there can be multiple search spaces and a limit on the

total number of blind decoding attempts is therefore also needed. In NR, the number

of blind decoding attempts depends on the subcarrier spacing (and hence the slot dura-

tion). For 15/30/60/120kHz subcarrier spacing, up to 44/36/22/20 blind decoding

attempts per slot can be supported across all DCI sizes – a number selected to offer a good

tradeoff between device complexity and scheduling flexibility. However, the number of

blind decodes is not the only measure of complexity but also channel estimation needs to

be accounted for. The number of channel estimates for subcarrier spacings of 15/30/60/

120kHz has been limited to 56/56/48/32 CCEs across all CORESETs in a slot.

Depending on the configuration, the number of PDCCH candidates may be limited

either by the number of blind decodes, or by the number of channel estimates. CRC

checking is of low complexity so monitoring multiple RNTIs all with the same payload

size is not costly and almost comes “for free”.

In later NR releases, the device can indicate blind decoding capabilities on a finer

granularity, moving away from defining it per slot. To obtain very low latency, it

may be desirable to configure PDCCH monitoring very frequently, for example every

second OFDM symbol. This is possible, but the more frequent the motoring is done, the

smaller the number of blind decoding attempts the device can handle. The framework is

also used to handle the largest subcarrier spacings, 480 and 960kHz, where the slot dura-

tion is very short and monitoring in every slot may not be possible. Instead, the blind

decoding capabilities are defined per group of slots and multi-PDSCH scheduling,

described later in the chapter, is used to schedule contiguous data transmission.

Depending on the search space set configuration, the number of blind decoding

attempts may vary across slots. In Fig. 10.8 one example is found, where more blind

decoding attempts are required in the middle slot compared to the two other slots or,
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expressed differently, not all blind decoding capability of the device is used in two of the

three slots. To avoid wasting blind decoding capabilities, device configuration can be

such that the number of blind decoding attempts is larger than the maximum allowed

value, known as overbooking. Prioritization rules define how the device should spend

the blind decoding attempts in such a case not to violate the blind decoding budget, giv-

ing priority to the common search spaces in the slot.

In the case of carrier aggregation, the general blind decoding operation described here

is applied per component carrier. The total number of channel estimates and blind decod-

ing attempts is increased compared to the single carrier case, but not in direct proportion

to the number of aggregated carriers.

10.1.4 Downlink scheduling assignments – DCI formats 1_0, 1_1, 1_2,
and 1_3
Having described the transmission of DCI on PDCCH, the detailed contents of the con-

trol information can be discussed, starting with the downlink scheduling assignments.

Downlink scheduling assignments use DCI format 1_1, the non-fallback format, or

DCI format 1_0, also known as the fallback format. There is also a third format, 1_2,

introduced in release 16 as part of the enhanced support for URLLC. The content is

basically the same as format 1_1 but with greater configurability of the size of many

of the fields. Furthermore, release 18 introducedDCI format 1_3, which is used to sched-

ule downlink transmissions on multiple carriers using a single DCI.

The non-fallback format 1_1 supports all baseline NR features. Depending on the

features that are configured in the system, some information fields may or may not be

present. For example, if carrier aggregation is not configured, there is no need to include

carrier-aggregation-related information in the DCI. Hence the DCI size for format 1_1

depends on the overall configuration but as long as the device knows which features are

configured, it also knows the DCI size and blind detection can be performed.

The fallback format 1_0 is typically smaller in size, supports a limited set of NR func-

tionality, and the set of information fields is in general not configurable, resulting in a

(more or less) fixed DCI size. One use case of the fallback format is to handle periods

of uncertainty in the configuration of a device as the exact time instant when a device

applies the configuration information is not known to the network, for example due

to transmission errors. Another reason for using the fallback DCI is to reduce control

signaling overhead. In many cases the fallback format provides sufficient flexibility for

scheduling smaller data packets.

DCI format 1_2 is introduced in release 16 as part of the enhanced support for

URLLC traffic, see Chapter 21 for a background. It provides almost the same function-

ality as formats 1_1, but allows for more flexibility in the configuration of the size of the

different fields, including the possibility to configure a size of zero for several of them.

Thus, these formats can allow for a smaller DCI size and hence more robust reception

236 5G/5G-Advanced

https://t.me/learningnets



in cases where not all DCI information fields are needed and a small number of bits

is sufficient. It also omitted some fields less relevant for URLLC-type of traffic.

DCI format 1_3 is introduced in release 18 and enables scheduling of downlink trans-

missions on up to four carriers with a single DCI. Compared to prior releases, where one

DCI per carrier is used, this can reduce the control signaling overhead, especially in sce-

narios with fragmented spectrum allocations where multiple carriers need to be aggre-

gated. It provides similar information fields as format 1_1, but applicable to multiple

carriers. Some of the information fields – for example PUCCH-related information,

bandwidth part indication, and channel-access type in unlicensed spectra – are common

to all the co-scheduled carriers, while other pieces of information, mainly resource allo-

cation, hybrid-ARQ and some multi-antenna-related information, naturally need to be

provided per scheduled carrier.

Parts of the contents are the same for the different DCI formats, as seen in Table 10.2,

but there are also differences due to the different capabilities and the release (indicated by

a small superscript in the table). The information in the DCI formats used for downlink

scheduling can be organized into different groups, with the fields present varying

between the DCI formats. The content of DCI formats for downlink scheduling assign-

ments is described here:

• Identifier of DCI format (1 bit). This is a header to indicate whether the DCI is a

downlink assignment or an uplink grant, which is important in case the payload sizes

of multiple DCI formats are aligned and the size cannot be used to differentiate the

DCI formats (one example hereof is the fallback formats 0_0 and 1_0 which are of

equal size).

• Resource information, consisting of:

• Carrier indicator (0or3bit).This field is present if cross-carrier scheduling is configured

and is used to indicate the component carrier theDCI relates to.The carrier indicator is

not present in the fallback DCI for example used for common signaling to multiple

devices as not all devices may be configured with (or capable of) carrier aggregation.

• Co-scheduled cells, used by DCI format 1_3 only and indicates the set of cells to

which this DCI applies

• Bandwidth-part indicator (0–2 bit), used to activate one of up to four downlink

bandwidth parts configured by higher-layer signaling. Not present in in the fallback

DCI. In case of co-scheduling of multiple cells the same indicator is applied to all

carriers.

• Frequency-domain resource allocation. This field indicates the resource blocks

in the downlink bandwidth part upon which the device should receive the PDSCH.

The size of the field depends on the size of the bandwidth and on the resource allo-

cation type, type 0 only, type 1 only, or dynamic switching between the two as dis-

cussed in Section 10.1.10. Format 1_0 supports resource allocation type 1 only as the

full flexibility in resource allocation is not needed in this case.
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Table 10.2 DCI formats 1_0, 1_1, 1_2, and 1_3 for downlink scheduling with C-RNTI. For fields
introduced after release 15, the superscript indicates the first release in which the field appeared.

Field

DCI format

1_0 1_1 1_2 1_3

Format identifier • • •16 •18

Resource information CFI • •16

Co-scheduled cells •18

BWP indicator • •16 •18

Frequency domain allocation • • •16 •18

Time-domain allocation • • •16 •18

VRB-to-PRB mapping • • •16 •18

PRB bundling size indicator • •16 •18

Reserved resources • •16 •18

Zero-power CSI-RS trigger • •16 •18

Scheduling offset •16 •18

Channel-access type •16 •16 •17 •18

Dormancy indication •16 •18

Transport-block related MCS • • •16 •18

NDI • • •16 •18

RV • • •16 •18

MCS, 2nd TB • •18

NDI, 2nd TB • •18

RV, 2nd TB • •18

Priority indication •16 •16 •18

Hybrid-ARQ related Process number • • •16 •18

DAI • • •16 •18

PDSCH-to-HARQ feedback

timing

• • •16 •18

CBGTI •
CBGFI •
PDSCH group index •16

One-shot HARQ request •16 •17 •18

Number of PDSCH groups •16

New feedback indicator •16

Enhanced type 3 codebook

indicator

•17 •17 •18

HARQ retransmission indicator •17 •17 •18

Multi-antenna related Antenna ports • •16 •18

TCI • •16 •18

SRS request • •16 •18

SRS offset indicator •17 •17 •18

DM-RS sequence initialization • •16 •18

PUCCH-related

information

PUCCH power control • • •16 •18

PUCCH resource indicator • •16 •18

PUCCH cell indicator •17 •17 •18

PDCCH-related

information

PDCCH monitoring control •17 •17 •18

238 5G/5G-Advanced

https://t.me/learningnets



• Time-domain resource allocation (1–4 bit). This field indicates the resource alloca-
tion in the time domain as described in Section 10.1.16. Up to 6 bits in release 17 to

support multi-TRP operation.

• VRB-to-PRB mapping (0 or 1 bit) to indicate whether interleaved or non-

interleaved VRB-to-PRBmapping should be used as described in Section 9.9. Only

present for resource allocation type 1. The same VRB-to-PRB mapping is applied

to all co-scheduled cells in case of DCI format 1_3.

• PRB bundling size indicator (0 or 1 bit), used to indicate the PDSCH bundling size

as described in Section 9.9. The same bundling size is applied to all co-scheduled

cells in case of DCI format 1_3.

• Reserved resources (0–2 bit), used to indicate to the device if the reserved resources
can be used for PDSCH or not as described in Section 9.10. Up to 4 bits in case of

DCI format 1_3 in which case the field is a pointer into a configured table where

each entry contains a list of reserved resource indicators with one indicator for each

of the co-scheduled cells.

• Zero-power CSI-RS trigger (0–2 bit), see Section 8.1 for a discussion on CSI ref-

erence signals. Up to 3 bits in case of multiple co-scheduled cells, used as a pointer

into a configured table providing the CSI-RS trigger for each of the co-

scheduled cells.

• Channel-access type and cyclic extension (0–4 bit), used in unlicensed spectra to

indicate the channel-access procedure to use as described in Chapter 20.

• Dormancy indicator (0–5 bit), used for cell dormancy and power saving as described

in Section 14.5.4.

• Scheduling-offset indicator (0 or 1 bit), used to control cross-slot scheduling for

power-saving purpose as described in Section 14.5.3.

• Transport-block related information

• Modulation-and-coding scheme (5 bit), used to provide the device with informa-

tion about the modulation scheme, the code rate, and the transport-block size, as

described further below.

• New-data indicator (1 bit), used to clear the soft buffer for initial transmissions as

discussed in Section 13.1. Up to 8 bit in release 17 to support multi-TRP operation.

• Redundancy version (2 bit) (see Section 13.1). Up to 8 bit in release 17 to support

multi-TRP operation.

• If a second transport block is present (only if more than four layers of spatial multi-

plexing are supported in DCI format 1_1), the three fields above are repeated for the

second transport block.

• Priority indication (0 or 1 bit), introduced in release 16 as part of enhanced URLLC

support and used to indicate the priority of the related uplink transmission such as

hybrid-ARQ acknowledgments. The same priority is applied to all carriers in case of

co-scheduling of multiple cells.
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• Hybrid-ARQ related information

• Hybrid ARQ process number (4 bit), informing the device about the hybrid-ARQ

process to use for soft combining. Extended to 5 bit in release 17 to support addi-

tional hybrid-ARQ processes needed for non-terrestrial access.

• Downlink assignment index (DAI, 0, 2, 4, or 6 bit), only present in the case of

a dynamic hybrid-ARQ codebook is configured as described in Section 13.1.5.

DCI format 1_0 uses 2 bits while formats 1_1 and 1_2 support the full range

of bits.

• HARQ feedback timing (0–3 bit), providing information on when the hybrid-ARQ

acknowledgment should be transmitted relative to the reception of the PDSCH.

The same feedback timing is applied to all carriers in DCI format 1_3.

• CBG transmission indicator (CBGTI, 0, 2, 4, 6, or 8 bit), indicating the code block

groups retransmitted as described in Section 13.1.2. Only present in DCI format 1_1

and only if CBG retransmissions are configured.

• CBG flush indicator (CBGFI, 0–1 bit), indicating soft buffer flushing as described in
Section 13.1.2. Only present in DCI format 1_1 and only if CBG retransmissions are

configured.

• PDSCH group index (0–1 bit), used in unlicensed spectra to indicate the PDSCH

group and controlling the hybrid-ARQ codebook, see Chapter 20. Not used in

DCI format 1_3.

• Number of requested PDSCH groups (0–1 bit), used in unlicensed spectra to

indicate whether hybrid-ARQ feedback should include only the current PDSCH

group or also the other PDSCH group, see Chapter 20. Not used in DCI

format 1_3.

• One-shot hybrid-ARQ request (0–1 bit), used in unlicensed spectra to trigger a

hybrid-ARQ report for all hybrid-ARQ processes across all carriers and PDSCH

groups, see Chapter 20. Common to all carriers for DCI format 1_3.

• New feedback indicator (0–2 bit), used in unlicensed spectra to indicate whether the
gNB has received the hybrid-ARQ feedback, see Chapter 20.

• Enhanced type 3 codebook indicator (0–3 bit), introduced in release 17 as part of the
industrial IoT enhancements as described in Chapter 21. Common to all carriers for

DCI format 1_3.

• HARQ retransmission indicator (0 or 1 bit), introduced in release 17 as part of the

industrial IoT enhancements as described in Chapter 21. Common to all carriers for

DCI format 1_3.

• Multi-antenna related information (not present in DCI format 1_0)

• Antenna ports (4–6 bit), indicating the antenna ports upon which the data are

transmitted as well as antenna ports scheduled for other users as discussed in

Chapters 9 and 11.
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• Transmission configuration indication (TCI, 0 or 3 bit), used to indicate the QCL

relations for downlink transmissions as described in Chapter 12. For DCI format

1_3, the field points into a configurable table where the entries contain the TCI state

for each of the co-scheduled carriers.

• SRS request (2 bit), used to request transmission of a sounding reference signal as

described in Section 8.3. For DCI format 1_3, the size of the field depends on

the number of configured carriers possible to co-schedule and the field is used as

an index into a configurable table providing the SRS request for each of the

co-scheduled carriers.

• SRS offset indicator (0–2 bit), used to control in which slot an aperiodic sounding

reference signal is transmitted. For DCI format 1_3, the size of the field depends on

the number of configured carriers possible to co-schedule and the field is used as an

index into a configurable table providing the SRS offset for each of the co-scheduled

carriers.

• DM-RS sequence initialization (0 or 1 bit), used to select between two preconfi-

gured initialization values for the DM-RS sequence.

• PUCCH-related information

• PUCCH power control (2 bit), used to adjust the PUCCH transmission power. In

release 17, two sets of power-control fields, one primary and one secondary, can be

configured to support transmissions to different transmission points in case of multi-

TRP operation.

• PUCCH resource indicator (3 bit), used to select the PUCCH resource from a set of

configured resources (see Section 10.2.7).

• PUCCH cell indicator (0–1 bit), to support dynamic selection of PUCCH cell

switching.

• PDCCH-related information

• PDCCH monitoring control (0–2 bit), used to dynamically control the

PDCCH monitoring occasions for device power saving purposes as described in

Chapter 14.

DCI format 1_0 is also used for paging (together with the P-RNTI), random-access

response (together with the RA-RNTI or msgB-RNTI), system-information delivery

(together with the SI-RNTI), or for a PDCCH-ordered random-access procedure

(together with the C-RNTI). In all these cases the DCI content is (partially) different

than what is outlined above although the DCI size is the same.

10.1.5 Uplink scheduling grants – DCI formats 0_0, 0_1, 0_2, and 0_3
Uplink scheduling grants use one of DCI formats 0_1, the non-fallback format, or

DCI format 0_0, also known as the fallback format. The reason for having both a
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fallback and a non-fallback format is the same as for the downlink, namely to handle

uncertainties during RRC reconfiguration and to provide a low-overhead format for

transmissions not exploiting all uplink features. As for DCI format 1_1, the information

fields present in the non-fallback format 0_1 depend on the features that are configured.

There is also a third format for uplink scheduling, format 0_2, introduced in release 16 as

part of the enhanced support for URLLC. Similarly to the downlink, format 0_2 is based

on format 0_1 but with added flexibility in the field sizes, see Chapter 21 for details. Fur-

thermore, format 0_3 is introduced in release 18 as the uplink companion to the down-

link format 1_3 and is used for co-scheduling of up to four carriers using a single DCI.

Also in this case are some information fields common to all carriers, while other fields

provide independent information per carrier. The DCI sizes for the uplink-related

DCI format 0_1 and downlink-related DCI format 1_1 are aligned with padding added

to the smaller of the two in order to reduce the number of blind decodes.

Parts of the contents are the same for the different DCI formats, as seen in Table 10.3,

but there are also differences due to the different capabilities. The information in the DCI

formats used for uplink scheduling can be organized into different groups, with the fields

present varying between the DCI formats. The content of DCI formats for uplink sched-

uling are as follows:

• Identifier of DCI format (1 bit), a header to indicate whether the DCI is a downlink

assignment or an uplink grant.

• DFI flag (1 bit), present in unlicensed spectra only where it serves as a header to indi-

cate whether the DCI is an activation/release of a configured uplink grant or a request

for downlink feedback information (DFI) as described in Chapter 20.

• Resource information, consisting of:

• Carrier indicator (0 or 3 bit). This field is present if cross-carrier scheduling is con-

figured and is used to indicate the component carrier the DCI relates to. The carrier

indicator is not present in DCI format 0_0.

• Co-scheduled cells, used by DCI format 1_3 only and indicates the set of cells to

which this DCI applies

• UL/SUL indicator (0 or 1 bit), used to indicate whether the grant relates to the sup-

plementary uplink or the ordinary uplink (see Section 7.7). Only present if a sup-

plementary uplink is configured as part of the system information.

• Bandwidth-part indicator (0–2bit), used to activateoneof up to fouruplinkbandwidth
parts configured by higher-layer signaling. Not present in in DCI format 0_0.

• Frequency-domain resource allocation. This field indicates the resource blocks in

the uplink bandwidth part upon which the device should transmit the PUSCH.

The size of the field depends on the size of the bandwidth part and on the resource

allocation type, type 0, type 1, or type 2, and whether dynamic switching between

type 0 and type 1 is configured as discussed in Section 10.1.10. Format 0_0 supports

resource allocation type 1 only.
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• Time-domain resource allocation (0–4 bit). This field indicates the resource

allocation in the time domain as described in Section 10.1.16. In release 16, up

to 6 bits can be used to enhance URLLC support as discussed in Chapter 21.

• Frequency-hopping flag (0 or 1 bit), used to handle frequency hopping for resource

allocation type 1.

Table 10.3 DCI formats 0_0, 0_1, 0_2, and 0_3 for uplink scheduling. For fields introduced after release
15, the superscript indicates the first release in which the field appeared.

Field

DCI format

0_0 0_1 0_2 0_3

Identifier DCI format • • •16 •18

DFI flag •16

Resource information CFI • •16

Co-scheduled cells •18

UL/SUL • • •16

BWP indicator • •16 •18

Frequency domain allocation • • •16 •18

Time-domain allocation • • •16 •18

Frequency hopping • • •16 •18

Channel-access type •16 •16 •17 •18

Dormancy indication •16 •18

Scheduling offset •16 •18

Invalid symbol pattern •16 •16

Transform precoding •18 •18

Transport-block related MCS • • •16 •18

NDI • • •16 •18

RV • • •16 •18

UL-SCH indicator • •16 •18

Priority •16 •16 •18

Hybrid-ARQ related Process number • • •16 •18

DAI • •16 •18

SAI •16

CBGTI •
Multi-antenna related DM-RS sequence initialization • •16 •18

Antenna ports • •16 •18

Precoding information • •16 •18

PTRS-DMRS association • •16 •18

SRI • •16 •18

SRS resource set •17 •17

SRS offset •17 •17 •18

SRS request • •16 •18

CSI request • •16 •18

Power control PUSCH power control • • •16 •18

Beta offset • •18

Power control parameter set •16 •16 •18

PDCCH-related information PDCCH monitoring control •17 •17 •18
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• Channel-access type and cyclic extension (0–6 bit), used in unlicensed spectra to

indicate the channel-access procedure to use as described in Chapter 20.

• Scheduling-offset indicator (1 bit), used to control cross-slot scheduling for

power-saving purpose as described in Section 14.5.3.

• Dormancy indicator (0–5 bit), used for cell dormancy and power saving as described

in Section 14.5.4.

• Invalid symbol pattern indicator (0 or 1 bit), used for enhanced URLLC support as

discussed in Chapter 21.

• Transform precoding (0 or 1 bit), used to dynamically switch between OFDM and

DFTS-OFDM for single-layer transmissions. Introduced in release 18.

• Transport-block related information

• Modulation-and-coding scheme (5 bit), used to provide the device with informa-

tion about the modulation scheme, the code rate, and the transport-block size, as

described further below.

• New-data indicator (1 bit), used to indicate whether the grant relates to retransmis-

sion of a transport block or transmission of a new transport block. In release 16, one

DCImessage can schedule up to 8 transport blocks to better exploit unlicensed spec-

tra as discussed in Chapter 20 and consequently up to 8 bits are required to provide

one new-data indicator per transport block.

• Redundancy version (2 bit). Similar to the new-data indicator, this field can be

enlarged up to 8 bit in release 16 to support multiple transport blocks scheduled

by one DCI message.

• UL-SCH indicator (1 bit), used to indicate whether the PUSCH should contain

data from the UL-SCH or not. If no data from the UL-SCH is included, the

PUSCH contains the UCI feedback only.

• Priority indication (0 or 1 bit), introduced in release 16 as part of enhanced URLLC

support and used to indicate the priority of the uplink transmission.

• Hybrid-ARQ-related information

• Hybrid ARQ process number (4 bit, up to 5 bit in release 17), informing the device

about the hybrid-ARQ process to (re)transmit.

• Downlink assignment index (DAI), used for handling of hybrid-ARQ codebooks in

case of UCI transmitted on PUSCH. Not present in DCI format 0_0. In release 17

an additional DAI field can be configured to support frequency-domain

multiplexing of multicast and unicast.

• Sidelink assignment index (SAI, 0–2 bit), used when the device reports the sidelink

acknowledgement to the gNB using PUSCH.

• CBG transmission indicator (CBGTI, 0, 2, 4, 6, or 8 bit), indicating the code block

groups to retransmit as described in Section 13.1. Only present in DCI format 0_1

and only if CBG retransmissions are configured.

• Multi-antenna-related information (present in DCI format 0_1 only)
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• DM-RS sequence initialization (1 bit), used to select between two preconfigured

initialization values for the DM-RS sequence when using non-precoded OFDM

for PUSCH.

• Antenna ports (2–5 bit), indicating the antenna ports upon which the data are

transmitted as well as antenna ports scheduled for other users as discussed in

Chapters 9 and 11.

• Precoding information (0–6 bit), used to select the precoding matrix W and the

number of layers for codebook-based precoding as described in Section 11.3.

The number of bits depends on the number of antenna ports and the maximum rank

supported by the device. In release 17, a second precoding field can be configured to

support multi-TRP operation.

• PTRS-DMRS association (0 or 2 bit), used to indicate the association between the

DM-RS and PT-RS ports. In release 17, a second PTRS-DMRS field can be

configured to support multi-TRP operation.

• SRS resource indicator (SRI), used to determine the antenna ports and uplink trans-

mission beam to use for PUSCH transmission as described in Section 11.3. The

number of bits depends on the number of SRS groups configured and whether

codebook-based or non-codebook-based precoding is used. In release 17, a

secondary SRI can be configured to support multi-TRP. For DCI format 0_3,

the field in an index into a configured table from which the SRS resources on each

of the co-scheduled carriers is obtained.

• SRS resource set indicator (0 or 2 bit), used to select the SRS resource set from

which the SRS resource is obtained.

• SRS offset indicator (0–2 bit), used to control when the SRS is transmitted.

• SRS request (2 bit), used to request transmission of a sounding reference signal as

described in Section 8.3.

• CSI request (0–6 bit), used to request transmission of a CSI report as described in

Section 8.1.

• Power-control related information

• PUSCH power control (2 bit), used to adjust the PUSCH transmission power. In

release 17, two additional bits can be configured for the secondary PUSCH to sup-

port multi-TRP operation.

• Beta offset (0 or 2 bit), used to control the amount of resources used by UCI on

PUSCH in case dynamic beta offset signaling is configured for DCI format 0_1

as discussed in Section 10.2.8.

• Power control parameter set (0–2 bit), used to boost the PUSCH transmission

power for uplink preemption as described in Chapter 21.

• PDCCH-related information

• PDCCHmonitoring control (0–2 bit), used for dynamic control of PDCCHmon-

itoring for device power saving as described in Chapter 14.
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10.1.6 Slot format indication – DCI format 2_0
DCI format 2_0, if configured, is used to signal the slot format information (SFI) to the

device as discussed in Section 7.8.3. It is also used for search space group switching and

resource-block set availability relevant for unlicensed spectra (Chapter 20). The SFI is

transmitted using the regular PDCCH structure and using the SFI-RNTI, common

to multiple devices. To assist the device in the blind decoding process, the device is con-

figured with information about the up to two PDCCH candidates upon which the SFI

can be transmitted.

10.1.7 Preemption indication – DCI format 2_1
DCI format 2_1 is used to signal the preemption indicator used for downlink preemption

to the device. It is transmitted using the regular PDCCH structure, using the INT-RNTI

which can be common to multiple devices. The details and usage of the preemption indi-

cator are discussed in Section 14.1.1.

10.1.8 Uplink power control commands – DCI format 2_2
As a complement to the power-control commands provided as part of the downlink

scheduling assignments and the uplink scheduling grants, there is the potential to transmit

a power-control command using DCI format 2_2. The main motivation for DCI format

2_2 is to support power control for semi-persistent scheduling and configured grants. In

this case there is no dynamic scheduling assignment or scheduling grant which can

include the power control information for the PUCCH and PUSCH, respectively. Con-

sequently, another mechanism is needed and DCI format 2_2 fulfills this need. One pos-

sibility would be to define a very small power-control message, but this would have

resulted in an additional DCI size to monitor. Instead, the size of DCI format 2_2 is

aligned with the size of DCI formats 0_0/1_0 to reduce the blind decoding complexity,

and can contain power-control bits for multiple devices. Each device is configured with a

TPC-related RNTI to use in conjunction with DCI format 2_2 and which of the power

control bits in the DCI that are intended for this device.g

10.1.9 SRS control commands – DCI format 2_3
DCI format 2_3 is used for power control of uplink sounding reference signals for devices

which have not coupled the SRS power control to the PUSCH power control. The

structure is similar to DCI format 2_2, but with the possibility to, for each device, con-

figure two bits for SRS request in addition to the two power control bits. DCI format 2_3

is alignedwith the size of DCI formats 0_0/1_0 to reduce the blind decoding complexity.

g The TPC-PUCCH-RNTI is used for PUCCH power control and the TPC-PUSCH-RNTI for PUSCH

power control.
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10.1.10 Uplink cancellation indicator – DCI format 2_4
The cancellation indicator is used as part of the uplink inter-device preemption in release

16 as described in Chapter 21. It is transmitted using DCI format 2_4 with the CI-RNTI

and the regular PDCCH structure.

10.1.11 Soft resource indicator – DCI format 2_5
DCI format 2_5 is introduced in release 16 to support the IAB feature. Its purpose is to

indicate whether a certain time resource is available for the access link in the IAB node,

see Chapter 24. Messages using DCI-format 2_5 use the AI-RNTI.

10.1.12 DRX activation – DCI format 2_6
To reduce the device power consumption, release 16 introduces a wake-up signal and a

mechanism for entering cell dormancy, both which rely on DCI format 2_6 for the

necessary control signaling. Wake-up signals and cell dormancy are described in

Section 14.5.

10.1.13 Paging early indicator and dynamic TRS control – DCI format 2_7
DCI format 2_7 is introduced in release 17 as part of the device power saving enhance-

ments for idle mode, see Chapter 14. The purpose of the paging early indicator (PEI) is to

inform the device whether an upcoming paging occasion is used or not, thereby allowing

the device to avoid spending energy on preparing to receive a full paging message in case

it is not paged.

10.1.14 Sidelink scheduling – DCI formats 3_0 and 3_1
Sidelink data transmission, where two devices directly exchange data as described in

Chapter 26, can either be autonomously handled by the devices or scheduled by the

network. In the latter case, DCI format 3_0 is used to convey the sidelink scheduling

information. It is also possible for an NR network to schedule LTE sidelink transmissions

in which case DCI format 3_1 is used. The two DCI formats are mutually size aligned by

padding format 3_1 if necessary until it matches the size of format 3_0.

10.1.15 Multicast/broadcast scheduling – DCI formats 4_0, 4_1, and 4_2
Support for multicast and broadcast transmissions, where the same information is trans-

mitted to multiple devices, is introduced in release 17 and is described in Chapter 23.

Scheduling of broadcast transmissions uses DCI format 4_0 with the MCCH-RNTI

or the G-RNTI, while scheduling of multicast transmissions uses DCI formats 4_1 or

4_2 with the G-RNTI or G-CS-RNTI.
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10.1.16 Beam indication for network-controlled repeaters – DCI
format 5_0
DCI format 5_0 is used to control which beam the network-controlled repeater should

use when transmitting to/receiving from devices, see Chapter 23. The NCR-RNTI is

used on conjunction with this DCI format.

10.1.17 Signaling of frequency-domain resources
To determine the frequency-domain resources to transmit or receive upon, two fields are

of interest: the resource-block allocation field and the bandwidth part indicator.

The resources allocation fields determine the resources blocks in the active bandwidth

part upon which data are transmitted. There are three possibilities for signaling the

resources-block allocation, type 0, type 1, and type 2.

Type 0 is a bitmap-based allocation scheme. The most flexible way of indicating the

set of resource blocks the device is supposed to receive the downlink transmission upon is

to include a bitmap with size equal to the number of resource blocks in the bandwidth

part. This would allow for an arbitrary combination of resource blocks to be scheduled

for transmission to the device but would, unfortunately, also result in a very large bitmap

for the larger bandwidths. For example, in the case of a bandwidth part of 100 resource

blocks, the downlink PDCCHwould require 100 bits for the bitmap alone, to which the

other pieces of information need to be added. Not only would this result in a large

control-signaling overhead, but it could also result in downlink coverage problems as

more than 100 bits in one OFDM symbol correspond to a data rate exceeding 1.4Mbit/s

for 15kHz subcarrier spacing and even higher for the higher subcarrier spacings. Con-

sequently, there is a need to reduce the bitmap size while keeping sufficient allocation

flexibility. This can be achieved by pointing not to individual resource blocks in the fre-

quency domain, but to groups of contiguous resource blocks, as shown in the top of

Fig. 10.10. The size of such a resource-block group is determined by the size of the band-

width part. Two different configurations are possible for each size of the bandwidth parts,

possibly resulting in different resource-block-group sizes for a given size of the band-

width part. A third configuration is added in release 18 as part of the multi-carrier

enhancements when a single DCI scheduled multiple carriers, see Table 10.4.

Resource allocation type 1 does not rely on a bitmap. Instead, it encodes the resource

allocation as a start position and length of the resource-block allocation. Thus, it does not

support arbitrary allocations of resource blocks but only frequency-contiguous alloca-

tions, thereby reducing the number of bits required for signaling the resource-block

allocation.

Resource allocation type 2, was added in release 16 to support interlaced resource

allocation in the uplink, see Chapter 20 for a description of interlaces and the associated

resource allocation mechanisms.
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0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Bitmap

Type 0

Type 1

1 0 0 1 1 1 0 1 0 0 0 1 0

Start Length

Fig. 10.10 Illustration of resource-block allocation types 0 and 1 (a bandwidth part of 25 resource blocks is used in this example).
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The resource allocation scheme to use is configured: type 0, type 1, type 2, or dynamic

selection between types 0 and 1. For the fallbackDCIs, only resource block allocation type

1 is supported as a small overhead is more important than the flexibility to configure non-

contiguous resources.

All resource-allocation types refer to virtual resource blocks (see Section 7.3 for a dis-

cussion of resource-block types). For resource-allocation type 0, a non-interleaved map-

ping from virtual to physical resource blocks is used, meaning that the virtual resource

blocks are directly mapped to the corresponding physical resource blocks. Interleaved

mapping is not necessary in this case as an interleaved mapping basically corresponds

to another bitmap allocation. For resource-allocation type 1, on the other hand, both

interleaved and non-interleaved mapping is supported. The VRB-to-PRB mapping

bit (if present, downlink only) indicates whether the allocation signaling uses interleaved

or non-interleaved mapping. In the uplink, non-interleaved mapping is always used.

Returning to the bandwidth part indicator, this field is used to switch the active band-

width part. It can either point to the active bandwidth part, or to another bandwidth part

to activate. If the field points to the current active bandwidth part, the interpretation of

the DCI content is straightforward – the resource allocation applies to the active band-

width part as described above.

However, if the bandwidth part indicator points to a different bandwidth part than the

active bandwidth part, the handling becomes more intricate. Many transmission param-

eters in general are configured per bandwidth part. The DCI payload size may therefore

differ between different bandwidth parts. The frequency-domain resource allocation

field is an obvious example – the larger the bandwidth part, the larger the number of bits

for frequency-domain resource allocation. At the same time, the DCI sizes assumed

when performing blind detection were determined by the currently active bandwidth part,

not the bandwidth part to which the bandwidth part index points. Requiring the device

to perform blind detection of multiple DCI sizes matching all possible bandwidth part

configurations would be too complex. Hence, the DCI information obtained under

the assumption of the DCI format being given by the currently active bandwidth part

must be transformed to the new bandwidth part which may have not only a different

size in general, but also be configured with a different set of transmission parameters,

Table 10.4 Size of the resource-block groups for resource allocation type 0.

BWP size [RB]

RBG size [RB]

Configuration 1 Configuration 2 Configuration 3

1–36 2 4 8

37–72 4 8 16

73–144 8 16 32

145–275 16 16 32
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for example TCI states which are configured per bandwidth part. The transformation is

done using padding/truncation for each DCI field to match the requirements of the tar-

geted bandwidth part. Once this is done, the bandwidth part pointed to by the bandwidth

part indicator becomes the new active bandwidth part and the scheduling grant is applied

to this bandwidth part. Similar transformation is sometimes required for DCI formats 0_0

and 1_0 in situations where the “3+1” DCI size budget otherwise would be violated.

10.1.18 Signaling of time-domain resources
The time-domain allocation for the data to be received or transmitted is dynamically sig-

naled in the DCI, which is useful as the part of a slot available for downlink reception or

uplink transmissionmay vary from slot to slot as a result of the use of dynamic TDDor the

amount of resources used for uplink controls signaling. Furthermore, the slot in which

the transmission occurs also needs to be signaled as part of the time-domain allocation.

Although the downlink data in many cases are transmitted in the same slot as the corre-

sponding assignment, this is frequently not the case for uplink transmissions.

One approach would be to separately signal the slot number, the starting OFDM

symbol, and the number of OFDM symbols used for transmission or reception. How-

ever, as this would result in an unnecessarily large number of bits, NR has adopted an

approach based on configurable tables. The time-domain allocation field in the DCI

is used as an index into an RRC-configured table from which the time-domain alloca-

tion is obtained as illustrated in Fig. 10.11.

There is one table for uplink scheduling grants and one table for downlink scheduling

assignments. Up to 16 rows (a number that can be increased to 64 in later releases) can be

configured where each row at least contains

Index Slot 
offset

Start 
symbol

Length PDSCH 
mapping type

Other info
(release 16 and later)

0 0 2 12 A …

1 0 2 10 A …

2 1 3 4 B …

… … … … … …

slot

4 OFDM 
symbols

RRC configured

Additional column(s) 
compared to NR release 15

Additional PDSCHs
(optional, release 16 and later)

Fig. 10.11 Signaling of time-domain allocation (downlink).
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• A slot offset, that is, the slot relative to the one where the DCI was obtained. Typically,

the default value 0 is used for the downlink, indicating that data and control are in the

same slot,while for theuplink a larger number is used (the default number depends on the

subcarrier spacing). The larger value ismotivated by the need for scheduling uplink trans-

missions further into the future for coexistencewith (primarily) LTETDD. The slot off-

set can range from 0 to 32 in the first release of NR, but for later releases larger numbers

are possible in some circumstances in order to handle the longer roundtrip time present

for NTN, or to handle the extensions of the subcarrier spacing to 480 and 960kHz.

• The first OFDM symbol in the slot where the data are transmitted.

• The duration of the transmission in number of OFDM symbols in the slot. Not all

combinations of start and length fit within one slot, for example, starting at OFDM

symbol 12 and transmit during five OFDM symbols obviously results in crossing

the slot boundary and represents an invalid combination. Therefore, the start and

length are typically jointly encodedh to cover only the valid combinations (although

in Fig. 10.11 they are shown as two separate columns for illustrative reasons).

• For the downlink, the PDSCH mapping type, that is, the DM-RS location as

described in Section 9.11, is also part of the table. This provides more flexibility com-

pared to separately indicating the mapping type.

It is also possible to configure slot aggregation, that is, a transmission where the same

transport block is repeated across up to eight slots. However, in release 15 this is not part

of the dynamic signaling using a table but is a separate RRC configuration. Slot aggre-

gation is primarily a tool to handle coverage-challenged deployments and thus there is less

need for a fully dynamic scheme.

In release 16, additional columns can be configured in the table to provide additional

information. For example, a row in the table may contain multiple sets of time-domain

allocation information. The first allocation information in the row is used for the first

PDSCH/PUSCH, the second allocation information for the second PDSCH/PUSCH

and so forth. This is useful in several scenarios. One example is to support contiguous

transmission when operating in unlicensed spectra, see Section 20.6.4.2. Another usage

is to enable continuous PDSCH/PUSCH transmission even in cases when the PDCCH

is not monitored in every slot, which can be the case in FR2-2. This structure is also used

when scheduling multiple TRPs with a single DCI, a feature added in release 17.

Similarly, to better support URLLC, a column indicating the number of times a trans-

mission should be repeated can also be configured as motivated in Chapter 21. Thus,

unlike release 15, in release 16 it is actually possible to indicate the slot aggregation – that
is, the number of repetitions – in a dynamic manner by properly configure the time-

domain resource allocation table.

h When using TBoMS, the start and length are configured separately.
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Using a configurable table as described here results in a very flexible framework; it is

possible to support almost any scenario and scheduling strategy by properly configuring

the appropriate table. However, it also results in a chicken-and-egg problem – to configure
the table downlink data transmission to convey the RRC signaling is required but to trans-

mit data in the downlink a table must have been provided. It is not even possible to receive

system information as this is transmitted using the PDSCH and the same allocation princi-

ples as for user data. To resolve this problem, the specifications provide default time-domain

allocation tables that are used if no table is configured. The entries of the tables are chosen to

suit common scenarios used for system information delivery and some typical allocations for

user-data transmission, see Chapter 16 for details. These default tables can be used until the

necessary table configuration is provided to the device. In many cases the default tables are

sufficient, in which case there is no need to configure other values.

Co-scheduling of multiple carriers with a single DCI is possible in release 18 by using

DCI formats 0_3/1_3. Consequently, time-domain resources for each of the up to four

carriers a group is necessary. This is handled in a two-step manner by an extra configur-

able table where each row contains one index per carrier in the group scheduled. The

time-domain resource allocation field selects a row in this table and the indices in the

selected row points into the time-domain resource allocation tables configured for each

of the carriers, see Fig. 10.12.

10.1.19 Signaling of transport-block sizes
Proper reception of a downlink transmission requires, in addition to the set of resource

blocks, knowledge about the modulation scheme and the transport-block size, informa-

tion (indirectly) provided by the 5-bit MCS field. In principle, the transport block size as

a function of the MCS field and the resource-block allocation could be tabulated in the

specifications (this is the approach taken for LTE). However, the significantly larger

bandwidths supported in NR, together with a wide range of transmission durations

and variations in the overhead depending on other features configured such as

CSI-RS, would result in a large number of tables required to handle the large dynamic

range in terms of transport block sizes. Such a scheme may also require modifications

whenever some of these parameters change. Therefore, NR opted for a formula-based

approach combined with a table for the smallest transport-block sizes instead of a purely

table-based scheme to achieve the necessary flexibility.

Index Carrier 1 Carrier 2 Carrier 3 Carrier 4

0 0 2 4 7

1 2 1 6 2

2 1 3 4 11

… … … … …

Time-domain resource allocation table – carrier 1
Time-domain resource allocation table – carrier 2

Time-domain resource allocation table – carrier 3
Time-domain resource allocation table – carrier 4

DCI

Time-domain 
allocation for 
each carrier

Fig. 10.12 Time-domain resource allocation for co-scheduling of multiple carriers.
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The first step is to determine the modulation scheme and code rate from the MCS

field. This is done using one of three tables, one table if neither 256QAM nor

1024QAM is configured, one if 256QAM is configured, and one if 1024QAM is con-

figured. For a device not configured with 256QAM or 1024QAM, 29 of the 32 com-

binations of the 5-bit MCS fields are used to signal the modulation-and-coding

scheme whereas three combinations are reserved, the purpose of which is described later.

Each of the 29 modulation-and-coding scheme entries represents a particular combina-

tion of modulation scheme and channel-coding rate or, equivalently, a certain spectral

efficiency measured in the number of information bits per modulation symbol, ranging

from approximately 0.2–5.5bit/s/Hz. For devices configured with support for

256QAM, four of the 32 combinations are reserved and the remaining 28 combinations

indicate a spectral efficiency in the range 0.2–7.4bit/s/Hz. A similar approach is taken for

devices with 1024QAM enabled – five combinations are reserved and the remaining

table entries cover spectral efficiencies in the range of 0.2–9.3bit/s/Hz. There is also

an alternative table providing lower spectral efficiency values, in the range 0.0586–
4.5234bit/s/Hz. At first glance it might seem strange to lower the spectral efficiency,

but this is done in order to improve the robustness and to reduce the error probability

to better support reliability-critical information.Whether to use one of the three the reg-

ular tables or the more robust table is determined by theRNTI scheduling the device; the

C-RNTI implies the use of the regular table and the MCS-C-RNTI (if configured)

implies the use of the more robust table.

Given the modulation order, the number of resource blocks scheduled, and the

scheduled transmission duration, the number of available resource elements can be com-

puted. From this number the resource elements used for DM-RS are subtracted.

A constant, configured by higher layers and modeling the overhead by other signals such

as CSI-RS or SRS is also subtracted. The resulting estimate of resource elements available

for data is then, together with the number of transmission layers, the modulation order,

and the code rate obtained from the MCS, used to calculate an intermediate number of

information bits. This intermediate number is then quantized to obtain the final transport

block size while at the same time ensuring byte-aligned code blocks, and that no filler bits

are needed in the LDPC coding. The quantization also results in the same transport block

size being obtained, even if there are modest variations in the amount of resources allo-

cated, a property that is useful when scheduling retransmissions on a different set of

resources than the initial transmission.

Returning to the three to five reserved combinations in the modulation-and-coding

field mentioned at the beginning of this section, those entries can be used for retransmis-

sions only. In the case of a retransmission, the transport-block size is, by definition,

unchanged and fundamentally there is no need to signal this piece of information. Instead,

the three to five reserved values represent the modulation scheme – QPSK, 16QAM,

64QAM, 256QAM, or 1024QAM (the last two only if configured by the network) –
which allows the scheduler to use an (almost) arbitrary combination of resource blocks
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for the retransmission. Obviously, using any of the reserved combinations assumes that

the device properly received the control signaling for the initial transmission; if this is not

the case, the retransmission should explicitly indicate the transport-block size.

The derivation of the transport-block size from the modulation-and-coding

scheme and the number of scheduled resource blocks is illustrated in Fig. 10.13.

10.2 Uplink

There is also a need for uplink L1/L2 control signaling to support data transmission on

downlink and uplink transport channels. Uplink L1/L2 control signaling consists of:

• Hybrid-ARQ acknowledgments for received DL-SCH transport blocks;

• Channel-state information (CSI) related to the downlink channel conditions, used to

assist downlink scheduling, including multi-antenna and beamforming schemes; and

• Scheduling requests, indicating that a device needs uplink resources for UL-SCH

transmission.

There is no UL-SCH transport-format information included in the uplink transmission.

As mentioned in Section 6.3, the gNB is in complete control of the UL-SCH transmis-

sions and the device always follows the scheduling grants received from the network,

including the UL-SCH transport format specified in those grants. Thus, the network

knows the transport format used for the UL-SCH transmission in advance and there

is no need for any explicit transport-format signaling on the uplink.

The physical uplink control channel (PUCCH) is the basis for transmission of uplink

control. In principle, the UCI could be transmitted on the PUCCH regardless of

whether the device is transmitting data on the PUSCH simultaneously. However,

especially if the uplink resources for the PUSCH and the PUCCH are on the same carrier

MCS
table

MCS field
Modulation order

Calculate
number
of REs

Code rate

Number of RBs

Transmission duration
Number of REs

Intermediate number 
of information bits

Quantizer Transport Block Size

#layers
#layers

256QAM or 1024QAM configured?

MCS-RNTI used?
Select MCS table

Fig. 10.13 Calculating the transport block size.
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(or, to be more precise, use the same power amplifier) but widely separated in the fre-

quency domain, the device may need a relatively large power back-off to fulfill the spec-

tral emission requirements with a corresponding impact on the uplink coverage. Hence,

NR supports UCI on PUSCH as the basic way of handling simultaneous transmission of

data and control. If the device is transmitting on the PUSCH, the UCI is multiplexed

with data on the granted resources instead of being transmitted on the PUCCH. Simul-

taneous PUSCH and PUCCH is not supported but may be introduced in a later release.

Beamforming can be applied to the PUCCH. This is realized by configuring one or

more spatial relations between the PUCCH and downlink signals such as CSI-RS or

SSB. In essence, such a spatial relation means that the device can transmit the PUCCH

using the same beam as it used for receiving the corresponding downlink signal. For

example, if a spatial relation between PUCCH and SSB is configured, the device will

transmit PUCCH using the same beam as it used for receiving the SSB. Multiple spatial

relations can be configured and MAC control elements are used to indicate which rela-

tion to use.

In the case of carrier aggregation, the uplink control information is transmitted on the

primary cell as a baseline. This is motivated by the need to support asymmetric carrier

aggregation where the number of downlink carriers supported by a device is unrelated

to the number of uplink carriers. There are several reasons for devices supporting down-

link carrier aggregation but not uplink carrier aggregation being common. The amount

of traffic is typically larger in the downlink and implementing uplink carrier aggregation is

often more complex than downlink carrier aggregation. Consequently, a large number of

downlink component carriers may need to be acknowledged using a single uplink carrier,

even for devices supporting uplink carrier aggregation. To avoid overloading a single car-

rier, it is possible to configure two PUCCH groups where feedback relating to the first

group of carriers is transmitted in the uplink of the PCell and feedback relating to the

second group of carriers are transmitted on another cell known as the PUCCH-SCell,

as illustrated in Fig. 10.14.

In release 17, PUCCH transmissions were further enhanced, mainly motivated by

further reducing the latency in conjunction with URLLC, see Chapter 21. In short,

release 17 allows the PUCCH to be switched to another cell, known as the PUCCH

PUCCH group 1 PUCCH group 2

lleCS-HCCUPlleCP

Feedback signaling

PUCCH-sSCell PUCCH-sSCell

switch

Fig. 10.14 Multiple PUCCH groups.
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switching cell (PUCCH-sSCell). There can be one PUCCH-sSCell configured in each

of the two PUCCH groups and switching between the PCell and the PUCCH-sSCell

(or the PUCCH-SCell and the PUCCH-sSCell) can either be dynamically or semi-

statically. In the former case, the PUCCH cell indicator in the DCI selects which of

two semi-statically configured cells that should be used for the PUCCH transmission.

In the latter case, a semi-static pattern is configured, indicating for each of the PUCCH

groups which of the two carriers to use for PUCCH transmission.

In the following section, the basic PUCCH structure and the principles for PUCCH

control signaling are described, followed by control signaling on PUSCH.

10.2.1 Basic PUCCH structure
Uplink control information can be transmitted on PUCCH using several different

formats.

Two of the formats, 0 and 2, are sometimes referred to as short PUCCH formats, as they

occupy at most two OFDM symbols. In many cases the last one or two OFDM symbols

in a slot are used for PUCCH transmission, for example to transmit a hybrid-ARQ

acknowledgment of the downlink data transmission. The short PUCCH formats include:

• PUCCH format 0, capable of transmitting at most two bits and spanning one or two

OFDM symbols. This format can, for example, be used to transmit a hybrid-ARQ

acknowledgment of a downlink data transmission, or to issue a scheduling request.

• PUCCH format 2, capable of transmitting more than two bits and spanning one or

two OFDM symbols. This format can, for example, be used for CSI reports or for

multi-bit hybrid-ARQ acknowledgments in the case of carrier aggregation or per-

CBG retransmission.

Three of the formats, 1, 3, and 4, are sometimes referred to as long PUCCH formats as they

occupy from 4 to 14 OFDM symbols. The reason for having a longer time duration than

the previous two formats is coverage. If a duration of one or two OFDM symbols does

not provide sufficient energy for reliable reception, a longer time duration is necessary

and one of the long PUCCH formats can be used. The long PUCCH formats include:

• PUCCH format 1, capable of transmitting at most two bits.

• PUCCH formats 3 and 4, both capable of transmittingmore than two bits but differing

in the multiplexing capacity, that is, how many devices that can use the same time-

frequency resource simultaneously.

Since the PUSCH can be configured to use either OFDM or DFT-spread OFDM, one

natural thought would be to adopt a similar approach for the PUCCH. However, to

reduce the number of options to specify, this is not the case. Instead, the PUCCH formats

are in general designed for low cubic metric, PUCCH format 2 being the exception and

using pure OFDM only. Another choice made to simplify the overall design was to only
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support specification-transparent transmit diversity schemes. In other words, there is only

a single antenna port specified for the PUCCH and if the device is equipped with mul-

tiple transmit antennas it is up to the device implementation how to exploit these anten-

nas, for example by using some form of delay diversity.

Some of these PUCCH formats – formats 0, 1, 2, and 3 – are also available with inter-
laced resourcemappingwhere the transmission is spread across a larger number of resource

blocks. This is used in unlicensed spectra for regulatory reasons as discussed in Chapter 20.

In the following, the detailed structure of each of the PUCCH formats will be

described, assuming non-interlaced mapping. Once the non-interlaced mapping is

described, the extension to interlaced mapping as described in Chapter 20 is

straight forward.

10.2.2 PUCCH format 0
PUCCH format 0, illustrated in Fig. 10.15, is one of the short PUCCH formats and is

capable of transmitting up to two bits. It is used for hybrid-ARQ acknowledgments and

scheduling requests.

Sequence selection is the basis for PUCCH format 0. For the small number of infor-

mation bits supported by PUCCH format 0, the gain from coherent reception is not that

large. Furthermore, multiplexing information and reference signals in one OFDM sym-

bol while maintaining a low cubic metric is not possible. Therefore, a different structure

where the information bit(s) selects the sequence to transmit is used. The transmitted

sequence is generated by different phase rotations of the same underlying length-12 base

sequence, where the base sequences are the same base sequences defined for generating

the reference signal in the case of DFT-precoded OFDM as described in Section 9.11.2.

Thus, the phase rotation applied to the base sequence carries the information. In other

words, the information selects one of several phase-rotated sequences.

Twelve different phase rotations are defined for the same base sequence, providing up

to twelve different orthogonal sequences from each base sequence. A linear phase

(N,A)

(N,N)(A,A)

(A,N)

(N,A.-SR)

(N,N,-SR)(A,A,-SR)

(A,N,-SR)

(N,N,+SR)

(N,A.+SR)

(A,A,+SR)

(A,N,+SR)

Fig. 10.15 Examples of phase rotations as a function of hybrid-ARQ acknowledgments and scheduling
request.

258 5G/5G-Advanced

https://t.me/learningnets



rotation in the frequency domain is equivalent to applying a cyclic shift in the time

domain, hence, the term “cyclic shift” is sometimes used with an implicit reference to

the time domain.

To maximize the performance, the phase rotations representing the different infor-

mation bits are separated with 2π�6/12 and 2π�3/12 for one and two bits acknowledg-

ments, respectively. In the case of a simultaneous scheduling request, the phase rotation

is increased by 3π/12 for one acknowledgment bit and by 2π/12 for two bits as illustrated
in Fig. 10.15.

The phase rotation applied to a certain OFDM symbol carrying PUCCH format 0

depends not only on the information to be transmitted as already mentioned, but

also on a reference rotation provided as part of the PUCCH resource allocation

mechanism as discussed in Section 10.2.7. The intention with the reference rotation

is to multiplex several devices on the same time-frequency resource. For example,

two devices transmitting a single hybrid-ARQ acknowledgment can be given different

reference phase rotations such that one device uses 0 and 2π�6/12, while the other device
uses 2π�3/12 and 2π�9/12. Finally, there is also a mechanism for cyclic shift hopping

where a phase offset varying between different slots is added. The offset is given by a

pseudo-random sequence. The underlying reason is to randomize interference between

different devices.

The base sequence to use can be configured per cell using an identity provided as part

of the system information. Furthermore, sequence hopping, where the base sequence

used varies on a slot-by-slot basis, can be used to randomize the interference between

different cells. As seen from this description many quantities are randomized in order

to mitigate interference.

PUCCH format 0 is typically transmitted at the end of a slot as illustrated in

Fig. 10.16. However, it is possible to transmit PUCCH format 0 also in other

positions within a slot. One example is frequently occurring scheduling requests

(as frequent as every second OFDM symbol can be configured). Another example

when this can be useful is to acknowledge a downlink transmission on a downlink

carrier at a high carrier frequency and, consequently, a correspondingly higher

subcarrier spacing and shorter downlink slot duration, on an uplink using a much

lower carrier frequency. This can be a relevant scenario in the case of carrier

aggregation. If low latency is important, the hybrid-ARQ acknowledgment needs

to be fed back quickly after the end of the downlink slot, which is not necessarily

at the end of the uplink slot if the subcarrier spacing differs between uplink and

downlink.

In the case of two OFDM symbols used for PUCCH format 0, the same information

is transmitted in both OFDM symbols. However, the reference phase rotation as well as

the frequency-domain resources may vary between the symbols, essentially resulting in a

frequency-and-sequence-hopping mechanism.
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For operation in FR2-2, PUCCH format 0 can be configured to occupy more than

one resource block in the frequency domain. In this case, the sequence lengths above are

multiples of 12. Apart from this, the structure is as described above.

10.2.3 PUCCH format 1
PUCCH format 1 is to some extent the long PUCCH counterpart of format 0. It is capa-

ble of transmitting up to two bits, using from 4 to 14 OFDM symbols, each one resource

block wide in frequency. The OFDM symbols used are split between symbols for control

information and symbols for reference signals to enable coherent reception. The number

of symbols used for control information vs. the reference signal is a trade-off between

channel-estimation accuracy and energy in the information part, respectively. Approx-

imately half the symbols for reference symbols were found to be a good compromise for

the payloads supported by PUCCH format 1.

The one or two information bits to be transmitted are BPSK or QPSK modulated,

respectively, and multiplied by the same type of length-12 low-PAPR sequence as used

for PUCCH format 0. Similar to format 0, sequence and cyclic shift hopping can be used

to randomize interference. The resulting modulated length-12 sequence is block-wise

spread with an orthogonal code of the same length as the number of symbols used for

the control information. The use of the orthogonal code in the time domain increases

the multiplexing capacity as multiple devices having the same base sequence and phase

rotation still can be separated using different orthogonal codes.

The reference signals are inserted using the same structure, that is, an unmodulated

length-12 sequence is block-spread with an orthogonal code and mapped to the OFDM

symbols used for PUCCH reference-signal transmission. Thus, the length of the orthog-

onal code together with the number of cyclic shifts, determines the number of devices

cyclic shift

One resource block

one OFDM symbol

One slot

Configurable ID
Slot-by-slot pseudo-random variation

Base
sequence

1 or 2 bit ACK/NAK

Scheduling request

Symbol-by-symbol pseudo-random variation

Phase 
rotation

bits

Fig. 10.16 Example of PUCCH format 0.
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that can transmit PUCCH format 1 on the same resource. An example is shown in

Fig. 10.17 where nine OFDM symbols are used for PUCCH transmission, four carrying

the information and five used for reference signals. Hence, up to four devices, determined

by the shorter of the codes for the information part and the reference-signal part, can

share the same cyclic shift of the base sequence, and the same set of time-frequency

resources for PUCCH transmission in this particular example. Assuming a cell-specific

base sequence and six out of the 12 cyclic shifts being useful from a delay-spread perspec-

tive, this results in a multiplexing capacity of at most 24 devices on the same time-

frequency resources.

The longer transmission duration of the long PUCCH formats compared to a short

single-symbol format opens the possibility for frequency hopping as a mean to achieve

frequency diversity. However, LTE-like schemes hopping at the slot boundaries only are

not sufficient. Additional flexibility is needed in NR as the PUCCH duration can vary

depending on the scheduling decisions and overall system configuration. Furthermore, as

the devices are supposed to transmit within their active bandwidth part only, hopping is

not necessarily between the edges of the overall carrier bandwidth as in LTE. Therefore,

whether to hop or not is configurable and determined as part of the PUCCH resource

BPSK/
QPSK

Length-4 orth. seq.

One or two bits

Length-5 orth. seq.

RSRSRSRS RS

Symbol-by-symbol pseudo-random variation cyclic shift

slot

Phase
rotation

base sequenceConfigurable ID
Slot-by-slot pseudo-random variation

Base
sequence

BPSK/
QPSK

Fig. 10.17 Example of PUCCH format 1 without frequency hopping (top) and with frequency hopping
(bottom).
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configuration. The position of the hop is obtained from the length of the PUCCH. If

frequency hopping is enabled, one orthogonal block-spreading sequence is used per

hop. Using the previous example in Fig. 10.17 two sets of sequences length-2/length-

2 and length-2/length-3, would be used for the first and second hops, respectively, as

shown at the bottom of the figure instead of a single set of length-4/length-5 orthogonal

sequences.

Similar to PUCCH format 0, more than one resource block can be configured for

PUCCH format 1 when operating in FR2-2 in which case the sequence lengths are mul-

tiples of 12.

10.2.4 PUCCH format 2
PUCCH format 2 is a short PUCCH format based on OFDM and used for transmission

of more than two bits, for example simultaneous CSI reports and hybrid-ARQ acknowl-

edgments, or a larger number of hybrid-ARQ acknowledgments. A scheduling request

can also be included. If the number of bits to be jointly encoded is too large, the CSI

report is dropped to preserve the hybrid-ARQ acknowledgments which are more

important.

The overall transmission structure is straightforward. For larger payload sizes, a CRC

is added. The control information (after CRC attachment) to be transmitted is coded,

using Reed-Muller codes for payloads up to and including 11 bits and Polari coding

for larger payloads, followed by scrambling and QPSK modulation. The scrambling

sequence is based on the device identity (the C-RNTI) together with the physical-layer

cell identity (or a configurable virtual cell identity), ensuring interference randomization

across cells and devices using the same set of time-frequency resources. The QPSK sym-

bols are then mapped to subcarriers across multiple resource blocks using one or two

OFDM symbols. A pseudo-random QPSK sequence, mapped to every third subcarrier

in each OFDM symbol, is used as a demodulation reference signal to facilitate coherent

reception at the base station.

The number of resource blocks used by PUCCH format 2 is determined by the pay-

load size and a configurable maximum code rate. The number of resource blocks is thus

smaller if the payload size is smaller, keeping the effective code rate roughly constant. The

number of resource blocks used is upper bounded by a configurable limit.

PUCCH format 2 is typically transmitted at the end of a slot as illustrated in

Fig. 10.18. However, similar to format 0 and for the same reasons, it is possible to transmit

PUCCH format 2 also in other positions within a slot.

i Polar coding is used for the DCI as well, but the details of the Polar coding for UCI are different.
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10.2.5 PUCCH format 3
PUCCH format 3 can be seen as the long PUCCH counterpart to PUCCH format 2.

More than two bits can be transmitted using PUCCH format 3 using from 4 to 14 sym-

bols, each of which can be multiple resource blocks wide. Thus, it is the PUCCH for-

mat with the largest payload capacity. Similar to PUCCH format 1, the OFDM

symbols used are split between symbols for control information and symbols for refer-

ence signals.

The control information to be transmitted is coded using Reed-Muller codes for 11

bits or less and Polar codes for large payloads, followed by scrambling and modulation.

Using the same principles as PUCCH format 2, a CRC is attached to the control infor-

mation for the larger payloads. The scrambling sequence is based on the device identity

(the C-RNTI) together with the physical-layer cell identity (or a configurable virtual cell

identity), ensuring interference randomization across cells and devices using the same set

of time-frequency resources. The modulation scheme used is QPSK but it is possible to

optionally configure π/2-BPSK to lower the cubic metric at a loss in link performance.

The resulting modulation symbols are divided into groups corresponding to the

OFDM symbols, followed by DFT precoding to reduce the cubic metric and improve

Scrambling sequence

QPSK

Reference signal

multiple bits

One slot

CRC

Channel
coding

QPSK

Fig. 10.18 Example of PUCCH format 2 (the CRC is present only for larger payloads).
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the power amplifier efficiency. The reference signal sequence is generated in the same

way as for DFT-precoded PUSCH transmissions, see Section 9.11.2, for the same reason,

namely to maintain a low cubic metric.

Frequency hopping can be configured for PUCCH format 3 as illustrated in

Fig. 10.19 to exploit frequency diversity, but it is also possible to operate without

frequency hopping. The placements of the reference signal symbols depend on whether

frequency hopping is used or not and the length of the PUCCH transmission as there

must be at least one reference signal per hop. There is also a possibility to configure

additional reference signal locations for the longer PUCCH durations to get two refer-

ence signal instances per hop.

The mapping of the UCI is such that the more critical bits, that is, hybrid-ARQ

acknowledgments, scheduling request, and CSI part 1, are jointly coded and mapped

close to the DM-RS locations, while the less critical bits are mapped in the remaining

positions.
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Fig. 10.19 Example of PUCCH format 3 (the CRC is present for large payload sizes only).
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10.2.6 PUCCH format 4
PUCCH format 4 (see Fig. 10.20) is in essence the same as PUCCH format 3 but with

the possibility to code-multiplex multiple devices in the same resource and using at most

one resource block in the frequency domain. Each control-information-carrying OFDM

symbol carries 12/NSF unique modulation symbols. Prior to DFT-precoding, each mod-

ulation symbol is block-spread with an orthogonal sequence of length NSF. Spreading

factors two and four are supported – that is, NSF equals two or four – implying a multi-

plexing capacity of two or four devices on the same set of resource blocks.

Similar to PUCCH format 0, more than one resource block can be configured for

PUCCH format 4 when operating in FR2-2.

10.2.7 Resources and parameters for PUCCH transmission
In the discussion of the different PUCCH formats, a number of parameters were assumed

to be known. For example, the resource blocks to map the transmitted signal to, the
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Fig. 10.20 Example of PUCCH format 4.
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initial phase rotation for PUCCH format 0, whether to use frequency hopping or not,

and the length inOFDM symbols for the PUCCH transmission. Furthermore, the device

also needs to know which of the PUCCH formats to use, and which time-frequency

resources to use.

One possibility would be to define a fixed linkage between the uplink control infor-

mation, the PUCCH format, and the transmission parameters (LTE to a large extent

adopted this approach). This is a low-overhead solution but has the drawback of being

inflexible. NR therefore adopted a more flexible scheme from the beginning, which is

necessary given the very flexible framework with a wide range of service requirements in

terms of latency and spectral efficiency, support of no predefined uplink-downlink allo-

cation in TDD, different devices supporting aggregation of different number of carriers,

and different antenna schemes requiring different amounts of feedback just to name some

motivations. Central in this scheme is the notion of PUCCH resource sets. A PUCCH

resource set contains one or more PUCCH resource configurations where each resource

configuration contains the PUCCH format to use and all the parameters necessary for

that format. The first PUCCH resource set can contain up to 32 PUCCH resources

while the remaining sets may contain up to eight resources each. Up to four PUCCH

resource sets can be configured, each of them corresponding to a certain range of the

number of UCI bits to transmit. PUCCH resource set 0 can handle UCI payloads up

to two bits and hence only contain PUCCH formats 0 and 1, while the remaining

PUCCH resource sets may contain any PUCCH format except format 0 and 1.

When the device is about to transmit UCI, the UCI payload determines the PUCCH

resource set and the PUCCH resource indicator in the DCI determines the PUCCH

resource configuration within the PUCCH resource set (see Fig. 10.21). Thus, the

UCI payload
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Fig. 10.21 Example of PUCCH resource sets.
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scheduler has control of where the uplink control information is transmitted. For the first

resource set, which may contain up to 32 resources, there can be more resources than

what is possible to indicate with a three-bit PUCCH resource indicator. If this is the case,

the index of the first CCE of the PDCCH scheduling the uplink is used together with the

PUCCH resource indicator to determine the PUCCH resource within the set.j For

periodic CSI reports and scheduling request opportunities, which both are semi-statically

configured, the PUCCH resources are provided as part of the CSI or SR configuration.

Release 17 further enhances the PUCCH resource allocation by introducing dynamic

control of PUCCH repetitions for hybrid-ARQ acknowledgements. This is achieved by

including a field in each PUCCH resource to indicate the PUCCH repetition factor. By

using different resource indicators, the network can control the amount of PUCCH

repetitions dynamically.

10.2.8 Uplink control signaling on PUSCH
If the device is transmitting data on PUSCH – that is, has a valid scheduling grant – simul-

taneous control signaling could in principle remain on the PUCCH.However, as already

discussed, this is not the case as in many cases it is preferable to multiplex data and control

on PUSCH and avoid a simultaneous PUCCH. One reason is the increased cubic metric

compared toUCI on PUSCHwhen usingDFT-precodedOFDM. Another reason is the

more challenging RF implementation if out-of-band emission requirements should be

met at higher transmission powers and with PUSCH and PUCCH widely separated

in the frequency domain. Hence, UCI on PUSCH is the main mechanism for simulta-

neous transmission of UCI and uplink data. The same principles are used for bothOFDM

and DFT-precoded OFDM in the uplink.

Only hybrid-ARQ acknowledgments and CSI reports are rerouted to the PUSCH.

There is no need to request a scheduling grant when the device is already scheduled;

instead, in-band buffer-status reports can be sent as described in Section 14.2.3.

In principle, the base station knows when to expect a hybrid-ARQ acknowledgment

from the device and can therefore perform the appropriate demultiplexing of the

acknowledgment and the data part. However, there is a certain probability that the device

has missed the scheduling assignment on the downlink control channel. In this case the

base station would expect a hybrid-ARQ acknowledgment while the device will not

transmit one. If the rate-matching pattern would depend on whether an acknowledg-

ment is transmitted or not, all the coded bits transmitted in the data part could be affected

by a missed assignment and are likely to cause the UL-SCH decoding to fail.

One possibility to avoid this error is to puncture hybrid-ARQ acknowledgments

onto the coded UL-SCH stream in which case the non-punctured bits are unaffected

j Thus, by configuring DCI format 1_2 with a zero-bit PUCCH resource indicator, the implicit PUCCH

resource allocation scheme of LTE can be mimicked.
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by the presence/absence of hybrid-ARQ acknowledgments. This is also the solution

adopted in LTE. However, given the potentially large number of acknowledgment bits

due to for example carrier aggregation or the use of code block group retransmissions,

puncturing is less suitable as a general solution. Instead, NR has adopted a

scheme where up to two hybrid-ARQ acknowledgment bits are punctured while for

larger number of bits rate matching of the uplink data is used. To avoid the aforemen-

tioned error cases, the uplink DAI field in the DCI indicates the amount of resources

reserved for uplink hybrid ARQ. Thus, regardless of whether the device missed any pre-

vious scheduling assignments or not, the amount of resources to use for the uplink

hybrid-ARQ feedback is known.

The mapping of the UCI is such that the more critical bits, that is, hybrid-ARQ

acknowledgments, are mapped to the first OFDM symbol after the first demodulation

reference signal. Less critical bits, that is CSI reports, are mapped to subsequent symbols.

Unlike the data part, which relies on rate adaptation to handle different radio condi-

tions, this cannot be used for the L1/L2 control-signaling part. Power control could, in

principle, be used as an alternative, but this would imply rapid power variations in the

time domain, which negatively impact the RF properties. Therefore, the transmission

power is kept constant over the PUSCH duration and the amount of resource elements

allocated to L1/L2 control signaling – that is, the code rate of the control signaling – is

varied. In addition to a semi-static value controlling the amount of PUSCH resources

used for UCI, it is also possible to signal this fraction as part of the DCI should a tight

control be needed.
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CHAPTER 11

Multi-antenna transmission

Multi-antenna transmission is a key component of NR, especially at higher frequencies.

This chapter gives a background to multi-antenna transmission in general, followed by a

detailed description on NR multi-antenna precoding.

11.1 Introduction

The use of multiple antennas for transmission and/or reception can provide substantial

benefits in a mobile-communication system.

Multiple antennas at the transmitter and/or receiver side can be used to provide diver-

sity against fading by utilizing the fact that the channels experienced by different antennas

may be at least partly uncorrelated, either due to sufficient inter-antenna distance or due

to different polarization between the antennas.

Furthermore, by carefully adjusting the phase, and possibly also the amplitude, of

each antenna element, multiple antennas at the transmitter side can be used to provide

directivity, that is, to focus the overall transmitted power in a certain direction (“beam

forming”) or, in the more general case, to specific locations in space. Such directivity can

increase the achievable data rates and range due to higher power reaching the target

receiver. Directivity will also reduce the interference to other links, thereby improving

the overall spectrum efficiency.

Similarly, multiple receive antennas can be used to provide receiver-side directivity,

focusing the reception in the direction of a target signal while suppressing interference

arriving from other directions.

Finally, the presence of multiple antennas at both the transmitter and the receiver

sides can be used to enable spatial multiplexing, that is, transmission of multiple “layers”

in parallel using the same time/frequency resources.

In LTE, multi-antenna transmission/reception for diversity, directivity and spatial

multiplexing is a key tool to enable high data rates and high system efficiency. However,

multi-antenna transmission/reception is an even more critical component for NR due to

the possibility for deployment at much higher frequencies compared to LTE.

There is a well-established and to a large extent correct assumption that radio com-

munication at higher frequencies is associated with higher propagation loss and corre-

spondingly reduced communication range. However, at least part of this is due to an

assumption that the dimensions of the receiver antenna scale with the wavelength, that
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is, with the inverse of the carrier frequency. As an example, a tenfold increase in the car-

rier frequency, corresponding to a tenfold reduction in the wave length, is assumed to

imply a corresponding tenfold reduction in the physical dimensions of the receiver

antenna or a factor of 100 reduction in the physical antenna area. This corresponds to

a 20dB reduction in the energy captured by the antenna.

If the receiver antenna size would instead be kept unchanged as the carrier frequency

increases, the reduction in captured energy could be avoided. However, this would

imply that the antenna size would increase relative to the wavelength, something that

inherently increases the directivity of the antenna.a The gain with the larger antenna size

can thus only be realized if the receive antenna is well directed toward the target signal.

By also keeping the size of the transmitter-side antenna unchanged, in practice

increasing the transmit-antenna directivity, the link budget at higher frequencies can

be further improved. Assuming line-of-sight propagation and ignoring other losses,

the overall link budget would then actually improve for higher frequencies. In practice

there are many other factors that negatively impact the overall propagation losses at

higher frequencies such as higher atmospheric attenuation and less diffraction leading

to degraded non-line-of-sight propagation. Still, the gain from higher antenna directivity

at higher frequencies is widely utilized in point-to-point radio links where the use of

highly directional antennas at both the transmitter and receiver sides, in combination

with line-of-sight links, allows for relatively long-range communication despite opera-

tion at very high frequencies.

In a mobile communication system with devices located in many different directions

relative to the base station and the devices themselves having an essentially random rota-

tional direction, the use of fixed highly directional antennas is obviously not applicable.

However, a similar effect, that is, an extension of the overall receive antenna area enabling

higher-directivity transmission, can also be achieved by means of an antenna panel con-

sisting of many small antenna elements. In this case, the dimension of each antenna ele-

ment, as well as the distance between antenna elements, is proportional to the wave

length. As the frequency increases, the size of each antenna element as well as their mutual

distances is thus reduced. However, assuming a constant size of the overall antenna con-

figuration, this can be compensated for by increasing the number of antenna elements.

The benefit of such an antenna panel with a large number of small antenna elements,

compared to a single large antenna, is that the direction of the transmitter beam can be

adjusted by separately adjusting the phase of the signals applied to each antenna element.

The same effect can be achieved when a multi-antenna panel is used on the receiver side,

that is, the receiver beam direction can be adjusted by separately adjusting the phases of

the signals received at each antenna element.

a The directivityD of an antenna is roughly proportional to the physical antenna area A normalized with the

square of the wave length λ.
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In general, any linear multi-antenna transmission scheme can be modeled according

to Fig. 11.1 withNL layers, captured by the vector x, beingmapped toNT transmit anten-

nas (the vector y) by means of multiplication with a matrix W of size NT�NL.

The general model of Fig. 11.1 applies to most cases of multi-antenna transmission.

However, depending on implementation there will be various degrees of constraints that

will impact the actual capabilities of the multi-antenna transmission.

One such implementation aspect relates to where, within the overall physical trans-

mitter chain, the multi-antenna processing, that is, the matrixW of Fig. 11.1, is applied.

On a high level one can distinguish between two cases:

• The multi-antenna processing is applied within the analog part of the transmitter

chain, that is, after digital-to-analog conversion (left part of Fig. 11.2)

• Themulti-antenna processing is applied within the digital part of the transmitter chain,

that is, before digital-to-analog conversion (right part of Fig. 11.2).

The main drawback of digital processing according to the right part of Fig. 11.2 is the

implementation complexity, especially the need for one digital-to-analog converter

per antenna element. In the case of operation at higher frequencies with a large number

of closely-spaced antenna elements, analogmulti-antenna processing according to the left

part Fig. 11.2 will therefore be the most common case, at least in the short- and medium-

term perspectives. In this case, the multi-antenna transmission will typically be limited to

per-antenna phase shifts providing beam forming (see Fig. 11.3).

⋮
=

⋮
̅

Fig. 11.1 General model of multi-antenna transmission mapping NL layers to NA antennas.

DAC

DAC

DAC

DAC

DAC

DAC

Analog mulƟ-antenna processing Digital mulƟ-antenna processing

Fig. 11.2 Analog vs. digital multi-antenna processing.
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It should be noted that this may not be a severe limitation as operation at higher

frequencies is typically more often power limited than bandwidth limited, making

beam-forming more important than, for example, high-order spatial multiplexing.

The opposite is often true for lower frequency bands where the spectrum is a more sparse

resource with less possibility for wide transmission bandwidths.

Analog processing typically also implies that any beam-forming is carried out on a per-

carrier basis. For the downlink transmission direction, this implies that it is not possible to

frequency multiplex beamformed transmissions to devices located in different directions

relative to the base station. In other words, beam-formed transmissions to different

devices located in different directions must be separated in time as illustrated in Fig. 11.4.

In other cases, especially in the case of a smaller number of antenna elements at lower

frequencies, multi-antenna processing can be applied in the digital domain according to

the right part of Fig. 11.2. This enables much higher flexibility in the multi-antenna pro-

cessing with a possibility for high-order spatial multiplexing and with the transmission

matrixW being a generalNT�NLmatrix where each element may include both a phase

shift and a scale factor. Digital processing also allows for independent multi-antenna pro-

cessing for different signals within the same carrier, enabling simultaneous beam-formed

transmission to multiple devices located in different directions relative to the base station

also by means of frequency multiplexing as illustrated Fig. 11.5.

In the case of digital processing, or more generally, in the case where the antenna

weights can be flexibly controlled, the transmission matrix W is often refererred to as

a precoder matrix and the multi-antenna processing is often referred to as multi-antenna

precoding.

DAC

Fig. 11.3 Analog multi-antenna processing providing beam forming.

Device #1

Device #2Time Device #1 Device #2

Fig. 11.4 Time-domain (non-simultaneous) beam-forming in multiple directions.
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The difference in capabilities between analog and digital multi-antenna processing

also applies to the receiver side. In the case of analog processing, the multi-antenna

processing is applied in the analog domain before analog-to-digital conversion. In

practice, the multi-antenna processing is then limited to receiver-side beam forming

where the receiver beam can only be directed in one direction at a time. Reception from

two different directions must then take place at different time instances.

Digital implementation, on the other hand, provides full flexibility, supporting

reception of multiple layers in parallel and enabling simultaneous beam-formed reception

of multiple signals arriving from different directions.

Similar to the transmitter side, the drawback of digital multi-antenna processing on

the receiver side is in terms of complexity, especially the need for one analog-to-digital

converter per antenna element.

For the remainder of this chapter we will focus on multi-antenna precoding, that is,

multi-antenna transmission with full control over the precoder matrix. The limitations of

analog processing and how those limitations are impacting the NR design are discussed in

Chapter 12.

One important aspect of multi-antenna precoding is whether or not the precoding is

also applied to the demodulation reference signals (DM-RS) used to support coherent

demodulation of the precoded signal.

If the DM-RS are not precoded, the receiver needs to be informed about what pre-

coder is used at the transmitter side to enable proper coherent demodulation of the pre-

coded data transmission.

On the other hand, if the reference signals are precoded together with the data, the

precoding can, from a receiver point-of-view, be seen as part of the overall multidimen-

sional channel (see Fig. 11.6). Simply speaking, instead of the “true” NR�NT channel

matrix H, the receiver will see a channel H0 of size NR�NL that is the concatenation of

the channel H with whatever precoding W is applied at the transmitter side. The pre-

coding is thus transparent to the receiver implying that the transmitter can, at least in

principle, select an arbitrary precoder matrix and does not need to inform the receiver

about the selected precoder.

Device #1

Device #2Device #1 Device #2Time

Fig. 11.5 Simultaneous (frequency-multiplexed) beam-forming in multiple directions.
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11.2 NR downlink multi-antenna precoding

All NR downlink physical channels rely on DM-RS to support coherent demodulation.

Furthermore, a device can assume that the DM-RS are jointly precoded with the data in

line with Fig. 11.6. Consequently, any downlink multi-antenna precoding is transparent

to the device and the network can, in principle, apply any transmitter-side precoding

with no need to inform the device what precoding is applied. Note though that the

device must still know the number of transmission layers, that is, the number of columns

in the precoder matrix applied at the transmitter side.

The specification impact of downlink multi-antenna precoding is therefore mainly

related to the measurements and reporting done by the device to support network selec-

tion of precoder for downlink PDSCH transmission. These precoder-related measure-

ments and reporting are part of the more general CSI reporting framework based on report

configurations as described in Section 8.2. As described there, a CSI report may consist of

one or several of the following quantities:

• A rank indicator (RI), indicating what the device believes is a suitable transmission rank,

that is, a suitable number of transmission layers NL for the downlink transmission;

• A precoder-matrix indicator (PMI), indicating what the device believes is a suitable

precoder matrix, or just precoder, given the selected rank;

• A channel-quality indicator (CQI), in practice indicating what the device believes is a

suitable channel-coding rate and modulation scheme, given the selected precoder

matrix.

As mentioned, the PMI reported by a device indicates what the device believes is a suit-

able precoder to use for downlink transmission to the device. Each possible value of the

PMI thus corresponds to one specific precoder. The set of possible PMI values thus cor-

responds to a set of different precoders, jointly referred to as the precoder codebook, that the

device can select between when reporting PMI. Note that the device selects PMI based

on a certain number of antenna ports NT, given by the number of antenna ports of the

configured CSI-RS associated with the report configuration, and the selected rank NL.

There is thus at least one codebook for each valid combination of NT and NL.

ChannelPrecoder Channel as seen
by the receiver

Fig. 11.6 DM-RS precoded jointly with data implying that any multi-antenna precoding is transparent
to the receiver.
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It is important to understand that the precoder codebooks for downlink multi-

antenna precoding are only used in the context of CSI reporting and do not impose

any restrictions on what precoder is eventually used by the network for downlink trans-

mission to the reporting device. The network can use whatever precoder it wants and the

precoder selected by the network does not have to be part of any defined codebook.

In many cases it obviously makes sense for the network to use the precoder indicated

by the reported PMI. However, in other cases the network may have additional input

that speaks in favor of a different precoder. As an example, multi-antenna precoding

can be used to enable simultaneous downlink transmission to multiple devices using

the same time/frequency resources, so called multi-user MIMO (MU-MIMO). The basic

principle of MU-MIMO based on multi-antenna precoding is to choose a precoder that

does not only focus the energy towards the target device but also takes the interference to

other simultaneously scheduled devices into account. Thus, the selection of precoding

for transmission to a specific device should not only take into account the PMI reported

by that device (which only reflects the channel experienced by that device). Rather, the

selection of precoding for transmission to a specific device should, in the general case,

take into account the PMI reported by all simultaneously scheduled devices.

To conclude on suitable precoding in theMU-MIMO scenario typically also requires

more detailed knowledge of the channel experienced by each device, compared to pre-

coding in the case of transmission to single device. For this reason, NR defines two types

of CSI that differ in the structure and size of the precoder codebooks, Type-I CSI and

Type-II CSI.

• Type-I CSI primarily targets scenarios where a single user is scheduled within a given

time/frequency resource (no MU-MIMO), potentially with transmission of a rela-

tively large number of layers in parallel (high-order spatial multiplexing)

• Type-II CSI primarily targets MU-MIMO scenarios with multiple devices being

scheduled simultaneously within the same time/frequency resource but with a more

limited number of spatial layers per scheduled device

The codebooks for Type-I CSI are relatively simple and primarily aim at focusing the

transmitted energy at the target receiver. Interference between the potentially large

number of parallel layers is assumed to be handled primarily by means receiver processing

utilizing multiple receive antennas.

The codebooks for Type-II CSI are significantly more extensive allowing for the PMI

to provide channel information with much higher spatial granularity. The more exten-

sive channel information allows the network to select a downlink precoder that not only

focuses the transmitted energy at the target device but also limits the interference to other

devices scheduled in parallel on the same time/frequency resource. The higher spatial

granularity of the PMI feedback comes at the cost of significantly higher signaling

overhead. While a PMI report for Type-I CSI will consist of at most a few tens of bits,

a PMI report for Type-II CSI may consist of several hundred bits. Type-II CSI is
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therefore primarily applicable for low-mobility scenarios where the feedback periodicity

in time can be reduced.

11.2.1 Type-I CSI
There are two sub-types of Type-I CSI, referred to as Type-I single-panel CSI and Type-I

multi-panel CSI, corresponding to different codebooks. As the names suggest, the code-

books have been designed assuming different antenna configurations on the network/

transmitter side.

11.2.1.1 Single-panel CSI
The codebooks for Type-I single-panel CSI are designed assuming a single antenna panel

with N1�N2 dual-polarized antenna elements, see, as an example, Fig. 11.7 for the case

of N1¼4 and N2¼2. There is also an assumption that each of the per-polarization

antenna elements corresponds to a CSI-RS antenna port, that is, the number of antenna

ports equals PCSI�RS¼2 �N1 �N2. Thus, for the example of Fig. 11.7 there would be a

total of 16 CSI-RS ports.

TheNR specifications support different combinations ofN1 andN2, withN1 ranging

from 1 to 16 and N2 ranging from 1 to 4, and with a limitation of N1 �N2�16, that is, a

maximum of 32 CSI-RS ports. A device configured to report Type-I single-panel CSI is

configured with a specific combination ofN1 andN2 with the NR specification defining

one or multiple codebooks for each supported (N1, N2) combination.

In general, each precoder matrixW in the codebooks for Type-I single-panel CSI can

be expressed as the product of two matrices, that is,

W ¼ W 1W 2 (11.1)

with information about W1 and W2 reported separately as different parts of the

overall PMI.

The matrix W1 is assumed to capture long-term frequency-independent character-

istics of the channel. A singleW1 is therefore selected and reported for the entire report-

ing bandwidth (wideband reporting).

In contrast, the matrix W2 is assumed to capture more short-term and frequency-

dependent characteristics of the channel. W2 is therefore selected and reported on a

subband basis, where a subband covers a fraction of the overall reporting bandwidth.

Alternatively, the device may not report W2 at all in which case the device, when

Fig. 11.7 Example of assumed antenna structure for Type-I single-panel CSI with (N1,N2)¼ (4,2).
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subsequently selecting CQI, should assume that the network randomly selects W2 on a

per PRG (Physical Resource Block Group, see Section 9.8) basis. Note that this does not

impose any restrictions on the actual precoding applied at the network side but is only

about the assumptions made by the device when reporting CQI.

On a high-level, the matrix W1 can be seen as defining a set of beams pointing in

different directions. More specifically, the matrix W1 can be written as

W 1 ¼ V 0

0 V

� �
¼ v0 ⋯ vL�1ð Þ 0

0 v0 ⋯ vL�1ð Þ
� �

(11.2)

where each column vector vkof sizeN1�N2¼PCSI�RS/2 defines a specific DFT beam and

the 2�2 block structure is due to the two polarizations. Selecting the matrix W1 or,

equivalently, the vectors v0,…, vL�1 can thus be seen as selecting a limited set of beams

from a larger set of candidate beams pointing in different directions. Note that, as the

matrix W1 is assumed to only capture long-term frequency-independent channel char-

acteristics, the same set of beams are selected for the two polarizations.

In the case of rank-1 or rank-2 transmission, either a single beam (L¼1) or four

neighbor beams (L¼4) are defined/selected by the matrixW1. In the case of four neigh-

bor beams, the matrixW2 then selects the exact beam to be used for the transmission. As

W2 can be reported on a subband basis, it is thus possible to fine-tune the beam direction

per subband. In addition,W2 provides co-phasing between the two polarizations. In the

case when W1 only defines a single beam, the matrix W2 only provides co-phasing

between the two polarizations.

For transmission ranks larger than 2, the matrix W1 defines N neighbor orthogonal

beams where N¼dR/2e and R is the number of parallel layers. The N beams together

with the two polarizations of each beam are then used for transmission of the R layers,

with the matrixW2 only providing co-phasing between the two polarizations. In case of

Type-I CSI, up to eight layers can be transmitted to the same device.

11.2.1.2 Multi-panel CSI
In contrast to single-panel CSI, codebooks for Type-I multi-panel CSI are designed

assuming the use of multiple antenna panels at the network side and takes into account

that it may be difficult to ensure coherence between transmissions from different panels.

More specifically, the design of the multi-panel codebooks assumes an antenna config-

uration consisting of two or four two-dimensional panels, with each panel consisting of

N1�N2 cross-polarized antenna elements. Fig. 11.8 illustrates an example of such multi-

panel antenna configuration for the case of four antenna panels and (N1,N2)¼ (4,1), that

is, a total of 32 CSI-RS ports.

The basic principle of Type-1 multi-panel CSI is the same as that of Type-I single-

panel CSI, that is, the overall precoder can be expressed as the product of two matrices

W1 andW2where the structure ofW1 is the same as for Type-I single-panel CSI, that is,

it defines a set of beams assumed to be the same for different polarizations and panels.
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The difference is that, in the multi-panel case, the matrix W2 provides per-subband

co-phasing not only between polarizations but also between panels. The co-phasing

between panels based on device reporting is needed due to the assumed lack of coherence

between different panels.

Type-I multi-panel CSI supports spatial multiplexing with up to four layers.

11.2.2 Type-II CSI (Release 15)
Type-II CSI was, together with Type-I CSI, introduced as part of the first NR release

(3GPP release 15). Some important extensions and enhancements to Type-II CSI were

then introduced in release 16. These extensions/enhancements to some extent changed

the overall structure of the reported PMI. Thus, we describe the release-15 Type-II CSI

in this section and the release-16 enhanced Type-II CSI separately in the next section.

There is also a variant of Type-II CSI referred to as port selection. This will be separately

discussed in Section 11.2.4.

As already mentioned, Type-II CSI provides channel information with significantly

higher spatial granularity compared to Type-I CSI. At the same time, as Type-II CSI is

targeting the MU-MIMO scenario, it was initially limited to a maximum transmission

rank of two. However, as we will see below, this was extended to a maximum rank

of four in release 16.

Similar to Type-I CSI, the release-15 Type-II CSI precoder can be expressed as a

product of two matrices

W ¼ W 1W 2 (11.3)

where, also similar to Type-I CSI, the matrixW1 of size PCSI�RS�2L is reported wide-

band and has a structure

W 1¼ v0 ⋯ vL�1ð Þ 0

0 v0 ⋯ vL�1ð Þ
� �

(11.4)

where each column vector vk defines a specific DFT beam

In other words, W1 defines a set of beams that is reported as part of the PMI. In the

case of Type-II CSI, L¼2 or L¼4 beams may be reported. For each of the L reported

Fig. 11.8 Example of assumed antenna structure for Type-I multi-panel CSI. 32-port antenna with four
antenna panels and (N1,N2)¼ (4, 1).
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beams and each of the two polarizations, the matrix W2 then provides amplitude values

(reported partly wideband and partly per subband) and phase values (reported per sub-

band) for the selected beams. Compared to Type-I CSI, this provides much more

detailed information about the channel, capturing its main rays and their respective

amplitudes and phases.

At the network side, the CSI reported from multiple devices could then be used to

identify a set of devices to which transmission could be done simultaneously on a set of

time/frequency resources and what precoder to use for each transmission. As an example,

if the same beam is reported by multiple devices this would typically speak in favor of not

scheduling these devices simultaneously on the same resource (MU-MIMO), alterna-

tively not including the common beam when selecting the final precoders to be used

by the network for the downlink transmissions.

11.2.3 Release-16 enhanced Type-II CSI
As already mentioned, release 16 introduced an enhanced Type-II CSI. The basic prin-

ciple of the release-16 Type-II CSI is the same as that of the release-15 Type-II CSI, that

is, the reporting of a set of beams on a wideband basis together with the reporting of a set

of combining coefficients on a more narrowband basis. The reported beams are linearly

combined by means of the combining coefficients to provide a set of precoder vectors,

one for each layer.

For the release-15 Type-II CSI, the combining coefficients, given by the matrixW2,

are reported separately for each subband, despite the fact that the channels of neighbor

subbands often have a significant mutual correlation. It is this reporting of a relatively

large number of combining coefficients on a per-subband basis that leads to the relatively

large reporting overhead for the release-15 Type-II CSI.

An important feature of the release-16 enhanced Type-II CSI is therefore the possi-

bility to utilize correlations in the frequency domain to reduce the reporting overhead. At

the same time, the release-16 Type-II CSI allows for a factor of two improvement in the

frequency-domain granularity of the PMI reporting. These two properties are jointly

enabled by the introduction of the concept of frequency-domain (FD) units, where each

FD unit corresponds to either a subband or half a subband, in combination with a

compression operation.

In the end, the release-16 Type-II CSI provides the transmitter side with a recom-

mended precoder per FD unit, compared to one precoder per subband for the release-15

Type-II CSI, that is, a factor of two improvement in the frequency-domain granularity

assuming two FD units per subband. However, in contrast to the release-15 Type-II CSI,

actual reporting is not done for each FD unit separately but jointly for all FD units, that is,

for the entire frequency band covered by the CSI report.
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In more details, for a given layer k the reported precoder vectors w
0ð Þ
k ⋯ w

N�1ð Þ
k for all

FD units can, for the release-16 Type-II CSI, be expressed as

w
0ð Þ
k ⋯ w

N�1ð Þ
k

h i
¼W 1

fW 2,kW
H
f ,k (11.5)

where N is the number of FD units to be reported.

Note that the matrix w
0ð Þ
k

⋯ w
N�1ð Þ
k

½ � is not a precoder matrix in the sense of mapping

layers to antenna ports but just describes the set of precoder vectors for the full set of

FD units (one precoder vector for each FD unit) for a given layer k. For a total of K layers

there are K such sets of precoder vectors, with each set consisting ofN precoder vectors.

The actual precoder matrix, given by the reported PMI, which maps layers to antenna

ports for a given FD unit n, is then given by

W nð Þ ¼ w
nð Þ
0 ⋯ w

nð Þ
K�1

h i
(11.6)

In the above expression for the precoder vectors,W1 is the same as for the release-15

Type-II CSI, that is,

W 1¼ v0 ⋯ vL�1ð Þ 0

0 v0 ⋯ vL�1ð Þ
� �

(11.7)

where the column vectors v0 ⋯ vL�1 defines the L selected beams.W1 is the same for all

FD units (wideband reporting) and also the same for all layers.

The main new thing with the release-16 Type-II CSI is the compression matrixWf,k
H of

sizeM�N. The compression matrix consists of a set of row vectors from a DFT basis and

provides a transformation from the frequency domain of dimension N, corresponding to

theN FD units covered by the CSI reporting, into a smaller delay domain of dimensionM.

Wf,k
H is frequency independent (one common matrix for all FD units) but reported

separately for each layer (thus the index k).The number of rows of Wf,k
H equals M ¼

p � N
R

� �
, where R is the number of FD units per subband (R¼1 or R¼2) and p is a

configurable parameter that controls the amount of compression.

Finally, the matrix fW 2,k (size 2L�M) maps from the delay domain to the beam

domain. One could have constructed a similar matrix for the release-15 Type-II CSI

based on the matrixW2 in Eq. (11.3) for all the subbands. Such a matrix would map from

the frequency (subband) domain to the beam domain. In contrast, fW 2,k maps from the

smaller delay domain to the beam domain, implying a smaller size of fW 2,k and, as a con-

sequence, overall fewer parameters to report. Furthermore, only a fraction β of the total

of 2LM elements of fW 2,k are assumed to be non-zero and thus needs to be reported,

where β is a configurable parameter.
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Thus, the overhead reduction with the release-16 enhanced Type-II CSI is due to

two things

• The smaller dimension of the delay space relative to the dimension of the frequency

space, given by the parameter p

• The limited fraction of non-zero elements of fW 2,k, given by the parameter β.

As illustrated in Table 11.1, there can be eight different configurations for the release-16

Type-II CSI. These configurations differ in terms of

• The number of beams to be reported (L)

• The compression factor p, where the exact value for a given configuration depends on

the reported rank

• The fraction β of non-zero elements in the matrix fW 2,k

It can be noted from Table 11.1 that, in addition to the reduced overhead and improved

frequency-domain granularity, the release-16 Type-II CSI also extends the maximum

reported rank to four and the maximum number of beams to select/report to six. It

should be pointed out though that the latter is only supported under limited conditions,

namely for 32 antenna ports, reported rank limited to one or two, and no improved

frequency-domain granularity, that is, when an FD unit equals a subband.

11.2.4 Port selection
As already mentioned, there is a variant of Type-II CSI referred to as port selection. For

regular Type-II CSI as described above, as well as for Type-I CSI, there is an assumption

that there is no device-specific precoding/beamforming of the CSI-RS. Instead, based

on measurements on the configured CSI-RS ports, the device decides on a set of beams

described by the matrix W1 above.

Table 11.1 Possible configurations for release-16 Type-II CSI.

p

Configuration
Index L RI 5 1 or 2 RI 5 3 or 4 β

1 2 1/4 1/8 1/4

2 2 1/4 1/8 1/2

3 4 1/4 1/8 1/4

4 4 1/4 1/8 1/2

5 4 1/4 1/8 3/4

6 4 1/2 1/8 1/2

7 6 1/4 N/A 1/2

8 6 1/4 N/A 1/2
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In contrast, with port selection it is assumed that the network has already applied a

certain beamforming to the CSI-RS, for example, based on uplink measurements.

The task of concluding on a set of suitable beams is then turned into the task of selecting

a suitable set of CSI-RS ports, hence the name port selection.

Mathematically, port selection implies that the matrixW1 in, Eqs. (11.3) and (11.5),

instead of defining L beams, is a PCSI�RS�2L selection matrix consisting of a single “1”

per column.Note that, similar to regular Type-II CSI, the same beams are selected for the

two polarizations. In release-15 port selection, for each of the up to L selected ports and

each of the two polarizations, the matrixW2 then provides an amplitude value (reported

partly wideband and partly per subband) and a phase value (reported per subband) in the

same way as for the regular release-15 Type-II CSI.

In release 16, port selection was extended/enhanced along the same lines as the

regular enhanced Type-II CSI, including extension to up to rank-4 transmission and

overhead reduction by means of frequency-domain units and a compression matrix Wf,k
H

transforming from the frequency domain to the delay domain. Thus, the overall precod-

ing of port selection is identical to that of the release-16 regular Type-II CSI, that is, for

a given layer k, the reported precoder vectors can be expressed as

W 1
fW 2,kW

H
f ,k (11.8)

The only difference to regular Type-II CSI is the structure of the matrixW1 which is

changed from a beam-defining matrix to a port-selection matrix.

Port selection, but not regular Type-II CIS, was then further extended/evolved

in release 17. These extensions utilized the fact that even in case of FDD operation in

paired spectrum with uplink and downlink in different frequency bands, angle and

delay properties of the channel are still to a large extent reciprocal between the downlink

and uplink transmission directions. Thus, with precoded CSI-RS, which is the assump-

tion for port selection, the angle and delay properties of the channel can be taken into

account in the precoding of the CSI-RS, reducing the amount of information that

the device needs to report.

The basic structure of the release-17 port selection is identical to release-16 port selec-

tion, that is, for a given layer k, the reported precoder vectors for all FD units can be

expressed as

W 1
fW 2,kW

H
f (11.9)

In the above expression, the port selection (W1), and combination coefficients (fW 2,k)

are identical to release 16. The difference between release 16 and release 17 port selection

lies in the frequency-domain compression where, for release 16, the compression matrix

is layer specific (Wf,k
H depends on k) while, for release 17, it is the same for all layers (Wf

H

does not depend on k).
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Amain benefit of the release-17 port selection is a reduced signaling overhead. It also

allows for a reduced device complexity

Table 11.2 summarizes the evolution of Type-II CSI from release 15 to release 17.

11.3 NR uplink multi-antenna precoding

NR supports uplink (PUSCH) multi-antenna precoding with up to four layers. How-

ever, when DFTS-OFDM is used for uplink transmission, only single-layer transmission

is supported.

The device can be configured in two different modes for PUSCHmulti-antenna pre-

coding, referred to as codebook-based transmission and non-codebook-based transmission

respectively. The selection between these two transmission modes at least partly depends

on what can be assumed in terms of uplink/downlink channel reciprocity, that is, to what

extent it can be assumed that the detailed uplink channel conditions can be estimated by

the device based on downlink measurements.

Like the downlink, any uplink (PUSCH) multi-antenna precoding is also assumed to

be applied to the DM-RS used for the PUSCH coherent demodulation. Similar to the

downlink transmission direction, uplink precoding is thus transparent to the receiver

in the sense that receiver-side demodulation/detection can be carried out without

knowledge of the exact precoding applied at the transmitter (device) side. Note though

that this does not necessarily imply that the device can freely choose the PUSCH pre-

coder. In the case of codebook-based precoding, the scheduling grant includes informa-

tion about a precoder, similar to the device providing the network with PMI for

downlink multi-antenna precoding. However, in contrast to the downlink, where the

network may or may not use the precoder indicated by the PMI, in the uplink direction

the device is assumed to use the precoder provided by the network. As we will see in

Section 11.3.2, also in the case of non-codebook-based transmission will the network

have an influence on the final choice of uplink precoder.

Another aspect that may constrain uplink multi-antenna transmission is to what

extent one can assume coherence between different device transmit antennas, that is,

to what extent the relative phase between the signals transmitted on two antennas can

Table 11.2 Evolution of Type-II CSI from release 15 to release 17.

Codebook structure FD compression

Rel-15 (regular and port-selection) W1W2 No

Rel-16 (regular and port selection) W 1
fW 2,kW

H
f ,k

Yes, layer specific

Rel 17 (port selection only) W 1
fW 2,kW

H
f

Yes, layer common
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be well controlled. Coherence is needed in the case of general multi-antenna precoding

where antenna-port-specific complex weight factors are applied to the signals transmitted

on the different antenna ports. Without coherence between the antenna ports the use of

such port-specific weight factors, and especially port-specific phases shift, is obviously

meaningless as each antenna port would anyway introduce a more or less random

relative phase.

The NR specification allows for different device capabilities with regards to such

inter-antenna-port coherence, referred to as full coherence, partial coherence, and no coherence,

respectively.

In the case of full coherence, it is assumed that the device can control the relative

phase between any of the up to four ports that are to be used for transmission.

In the case of partial coherence, the device is assumed to be capable of pairwise coher-

ence, that is, the device can control the relative phase within pairs of ports. However,

there is no guarantee of coherence, that is, a controllable phase, between the pairs.

Finally, in the case of no coherence there is no guarantee of coherence between any of

the device antenna ports.

11.3.1 Codebook-based transmission
The basic principle of codebook-based transmission is that the network decides on an

uplink transmission rank, that is, the number of layers to be transmitted, and a corre-

sponding precoder to use for the transmission. The network informs the device about

the selected transmission rank and precoder as part of the uplink scheduling grant. At

the device side, the precoder is then applied for the scheduled PUSCH transmission,

mapping the indicated number of layers to the antenna ports.

To select a suitable rank and a corresponding precoder, the network needs estimates

of the channels between the device antenna ports and the corresponding network receive

antennas. To enable this, a device configured for codebook-based PUSCH transmission

would typically be configured for transmission of at least one multi-port SRS. Based on

measurements on the configured SRS, the network can sound the channel and determine

a suitable rank and precoder.

The network cannot select an arbitrary precoder. Rather, for a given combination of

number of antenna portsNT (NT¼2 orNT¼4) and transmission rankNL (NL�NT), the

network selects a precoder from a limited set of available precoders (the “uplink

codebook”).

As an example, Fig. 11.9 illustrates the available precoders, that is, the code books for

the case of two antenna ports.

When selecting the precoder, the network needs to consider the device capability

in terms of antenna-port coherence (see above). For devices not supporting coherence,

only the first two precoders can therefore be used in the case of single-rank transmission.
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It can be noted that restricting the codebook selection to these two precoders is

equivalent to selecting either the first or second antenna port for transmission. In the case

of such antenna selection, a well-controlled phase, that is, coherence between the antenna

ports is not required. On the other hand, the remaining precoders of Fig. 11.9 imply lin-

ear combination of the signals on the different antenna ports, which requires coherence

between the antenna ports.

In the case of rank-2 transmission, (NL¼2). only the first precoder, which does not

imply any coupling between the antenna ports, can be selected for devices that do not

support coherence. Also note that partial coherence is not relevant for the case of only

two antenna ports.

To further illustrate the impact of no, partial, and full coherence, Fig. 11.10 illustrates

the full set of rank-1 precoders for the case of four antenna ports. Once again, the pre-

coders corresponding to no coherence are limited to antenna-port selection. The

extended set of precoders corresponding to partial coherence allows for linear

Fig. 11.9 Uplink codebooks for two antenna ports (NT¼2), and NL¼1 and NL¼2 respectively.

Fig. 11.10 Single-layer uplink codebooks for the case of four antenna ports.
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combination within pairs of antenna ports with selection between the pairs. Finally, full

coherence allows for a linear combination over all four antenna ports.

The described NR codebook-based PUSCH transmission is essentially the same as

the corresponding codebook-based transmission for LTE except that NR supports

somewhat more extensive codebooks. Another more fundamental extension of NR

codebook-based PUSCH transmission, compared to LTE, is that a device can be con-

figured to transmit multiple multi-port SRS, with a corresponding SRS resource indicator

(SRI) included in the scheduling grant. The device should use the precoder indication

provided in the scheduling grant and map the output of the precoding to the antenna

ports corresponding to the SRS indicated in the SRI. In terms of the spatial filter F

discussed in Chapter 8, the different SRSs would typically be transmitted using differ-

ent spatial filters, in practice different beam. The device should then transmit the pre-

coded signal using the same spatial filter/beam as used for the SRS indicated by

the SRI.

One way to visualize the use of multiple SRS for codebook-based PUSCH transmis-

sion is to assume that the device transmits the different multi-port SRS within separate,

relatively large beams (see Fig. 11.11). These beams may, for example, correspond to dif-

ferent device antenna panels pointing in different directions, where each panel includes a

set of antenna elements, corresponding to the antenna-ports of eachmulti-port SRS. The

SRI received from the network then determines what beam to use for the PUSCH trans-

mission while the precoder information (number of layers and precoder) determines

how the transmission is to be done within the selected beam. As an example, in the case

SRI=2, Rank = 1, Precoder

SRS2

1

SRS2

2

SRI=2, Rank = 4, Precoder

3

SRS2

1

SRS2

2 3

Fig. 11.11 Codebook-based transmission based on multiple SRS. Full-rank (4-layer) transmission
(upper part) and single-rank transmission (lower part).
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of full-rank transmission the device will do full-rank transmission within the beam cor-

responding to the SRS selected by the network and signaled by means of SRI (upper part

of Fig. 11.11). At the other extreme, in the case of single-rank transmission the precoding

will in practice create additional beam-forming within the wider beam indicated by the

SRI (lower part of Fig. 11.11).

Codebook-based precoding is typically used when uplink downlink reciprocity does

not hold, that is, when uplink measurements are needed in order to determine a suitable

uplink precoding.

It should also be mentioned that in case of multi-TRP for PUSCH, see further

Section 12.5.3.1, the scheduling grant will include two SIRs and indication of two

precoders, one for each TRP.

11.3.2 Non-codebook-based precoding
In contrast to codebook-based precoding, which is based on network measurements

and selection of uplink precoder, non-codebook-based precoding is based on device

measurements and precoder indications to the network. The basic principle of uplink

non-codebook-based precoding is illustrated in Fig. 11.12 with further explanation

below.

Based on downlink measurements, in practice measurements on a configured

CSI-RS, the device selects what it believes is a suitable uplink multi-layer precoder.

Non-codebook-based precoding is thus based on an assumption of channel reciprocity,

1: Downlink channel 
sounding

2: Device sel
precoder and SRS
transmission in each 
precoder “beam”

3: Network selec
precoder “beams” 
with indica on in
scheduling grant

4: PUSCH transmission 
using reduced 
precoder

Fig. 11.12 Non-codebook-based precoding.
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that is, that the device can acquire detailed knowledge of the uplink channel based on

downlink measurements. Note that there are no restrictions on the device selection of

precoder, thus the term “non-codebook-based”.

Each column of a precoder matrix can be seen as defining a digital “beam” for the

corresponding layer. The device selection of precoder for NL layers can thus be seen

as the selection of NL different beam directions where each beam corresponds to one

possible layer.

In principle, PUSCH transmission could be done directly as transmission of NL

layers based on the device-selected precoding. However, device selection of a preco-

der based on downlink measurements may not necessarily be the best precoder from a

network point of view. Thus, the NR non-codebook-based precoding includes an

additional step where the network can modify the device-selected precoder, in prac-

tice remove some “beams”, or equivalently some columns, from the selected

precoder.

To enable this, the device applies the selected precoder to a set of configured

SRSs, with one SRS transmitted on each layer or “beam” defined by the precoder

(step 2 in Fig. 11.12). Based on measurements on the received SRSs, the network

can then decide to modify the device-selected precoder for each scheduled PUSCH

transmission. This is done by indicating a subset of the configured SRS within the

SRS resource indicator (SRI) included in the scheduling grant (step 3).b The device

then carries out the scheduled PUSCH transmission (step 4) using a reduced precoder

matrix where only the columns corresponding to the SRSs indicated within the SRI

are included. Note that the SRI then also implicitly defines the number of layers to be

transmitted.

It should be noted that the device indication of precoder selection (step 2 in

Fig. 11.12) is not done for each scheduled transmission. The uplink SRS transmission

indicating device precoder selection can take place periodically (periodic or semi-

persistent SRS) or on demand (aperiodic SRS). In contrast, the network indication of

precoder, that is in practice the network indication of the subset of beams of the device

precoder, is then done for each scheduled PUSCH transmission.

b For a device configured for non-codebook-based precoding the SRI may thus indicate multiple SRSs,

rather than a single SRS which is the case for codebook-based precoding (see Section 11.3.1).
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CHAPTER 12

Beam management

Chapter 11 discussed multi-antenna transmission in general and then focused on multi-

antenna precoding. A general assumption for the discussion on multi-antenna precoding

was the possibility for detailed control, including both phase adjustment and amplitude

scaling, of the different antenna elements. In practice this requires that multi-antenna

processing at the transmitter side is carried out in the digital domain before digital-to-

analog conversion. Likewise, the receiver multi-antenna processing must be carried

out after analog-to-digital conversion.

However, in the case of operation at higher frequencies with a large number of

closely-space antenna elements, the antenna processing will rather be carried out in

the analog domain with focus on beam forming. As analog antenna processing will be

carried out on a carrier basis, this also implies that beam-formed transmission can only

be done in one direction at a time. Downlink transmissions to different devices located

in different directions relative to the base station must therefore be separated in time.

Likewise, in the case of analog-based receiver-side beam-forming, the receive beam

can only focus in one direction at a time.

The ultimate task of beam management is, under these conditions, to establish and

retain a suitable beam pair, that is, a transmitter-side beam direction and a corresponding

receiver-side beam direction that jointly provides good connectivity.

As illustrated in Fig. 12.1, the best beam pair may not necessarily correspond to trans-

mitter and receiver beams that are physically pointing directly toward each other. Due to

obstacles in the surrounding environment, such a “direct” path between the transmitter

and receiver may be blocked and a reflected path may provide better connectivity, as

illustrated in the right-hand part of Fig. 12.1. This is especially true for operation in

higher frequency bands with less “around-the-corner” dispersion. The beam-

management functionality must be able to handle such a situation and establish and retain

a suitable beam pair also in this case.

Fig. 12.1 illustrates the case of beam forming in the downlink direction, with beam-

based transmission at the network side and beam-based reception at the device side.

However, beam-forming is at least as relevant for the uplink transmission direction with

beam-based transmission at the device side and corresponding beam-based reception at

the network side.

In many cases, a suitable transmitter/receiver beam pair for the downlink transmission

direction will also be a suitable beam pair for the uplink transmission direction and vice
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versa. In that case, it is sufficient to explicitly determine a suitable beam pair in one of the

transmission directions. The same pair can then be used also in the opposite transmission

direction. Otherwise, beam-pairs have to be established separately for the downlink and

uplink transmission directions. Whether or not this is needed is related to so-called

beam-correspondence between the downlink and uplink direction, see also Chapter 28.

In general, beam management can be divided into different parts:

• Initial beam establishment;

• Beam adjustment, primarily to compensate for movements and rotations of the mobile

device but also for gradual changes in the environment;

• Beam recovery to handle the situation when rapid changes in the environment disrupt

the current beam pair.

12.1 Initial beam establishment

Initial beam establishment includes the procedures and functions by which a beam pair is

initially established in the downlink and uplink transmission directions, for example, when

a connection is established. As will be described in more detail in Chapter 16, during

initial cell search a device will acquire a so-called SS block transmitted from a cell, with

the possibility for multiple SS blocks being transmitted in sequence within different down-

link beams. By associating each such SS block, in practice the different downlink beams,

with a corresponding random-access occasion and preamble (see Section 17.1.4), the

subsequent uplink random-access transmission can be used by the network to identify

the downlink beam acquired by the device, thereby establishing an initial beam pair

When communication continues after connection set up the device can assume that

network transmissions to the device will be done using the same spatial filter, in practice

the same transmitter beam, as used for the acquired SS block. Consequently, the device

can assume that the receiver beam used to acquire the SS blockwill be a suitable beam also

for the reception of subsequent downlink transmissions. Likewise, subsequent uplink

transmissions should be done using the same spatial filter (the same beam) as used for

the random-access transmission, implying that the network can assume that the uplink

receiver beam established at initial access will remain valid.

Beam pair

Beam pair

Fig. 12.1 Illustration of beam pairs in the downlink direction. Direct (left hand) and via reflection
(right hand).
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12.2 Beam adjustment

Once an initial beam pair has been established, there is a need to regularly re-evaluate the

selection of transmitter-side and receiver-side beam directions due to movements and

rotations of the mobile device. Furthermore, even for stationary devices, movements

of other objects in the environment may block or unblock different beam pairs, implying

a possible need to re-evaluate the selected beam directions. This beam adjustmentmay also

include refining the beam shape, for example making the beam more narrow compared

to a relatively wider beam used for initial beam establishment.

In the general case, beam forming is about beam pairs consisting of transmitter-side

beamforming and receiver-side beamforming. Hence, beam adjustment can be divided

into two separate procedures:

• Re-evaluation and possible adjustment of the transmitter-side beam direction given

the current receiver-side beam direction;

• Re-evaluation and possible adjustment of the receiver-side beam direction given the

current transmitter-side beam direction.

As described above, in the general case beam forming, including beam adjustment, needs

to be carried out for both the downlink and uplink transmission directions. However,

depending on to what extent beam-correspondence can be assumed, explicit beam

adjustment may only have to be carried out in one of the directions, for example, in

the downlink direction. It can then be assumed that the adjusted downlink beam pair

is appropriate also for the opposite transmission direction.

12.2.1 Downlink transmitter-side beam adjustment
Downlink transmitter-side beam adjustment aims at refining the network transmit beam,

given the receiver beam currently used at the device side. To enable this, the device can

measure on a set of reference signals, corresponding to different downlink beams (see

Fig. 12.2). Assuming analog beam forming, transmissions within the different downlink

beams must be done in sequence, that is, by means of a beam sweep.

The result of the measurements is then reported to the network which, based on the

reporting, may decide to adjust the current beam. Note that this adjustment may not

RS-4

Transmission

RecepƟon

Fig. 12.2 Downlink transmitter-side beam adjustment.
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necessarily imply the selection of one of the beams that the device has measured on. The

network could, for example, decide to transmit using a beam direction in between two of

the reported beams.

Also note that, during measurements done for transmitter-side beam adjustment, the

device receiver beam should be kept fixed in order for the measurements to capture the

quality of the different transmitter beams given the current receive beam.

To enable measurements and reporting on a set of beams as outlined in Fig. 12.2, the

reporting framework based on report configurations (see Section 8.2) can be used. More

specifically, the measurement/reporting should be described by a report configuration

having L1-RSRP as the quantity to be reported.

The set of reference signals to measure on, corresponding to the set of beams, should

be included in the NZP-CSI-RS resource set associated with the report configuration.

As described in Section 8.1.6, such a resource set may either include a set of configured

CSI-RS or a set of SS blocks. Measurements for beam management can thus be carried

out on either CSI-RS or SS block. In the case of L1-RSRP measurements based on

CSI-RS, the CSI-RS should be limited to single-port or dual-port CSI-RS. In the latter

case, the reported L1-RSRP should be a linear average of the L1-RSRP measured on

each port.

The device can report measurements corresponding to up to four reference signals

(CSI-RS or SS blocks), in practice up to four beams, in a single reporting instance. Each

such report would include:

• Indications of the up to four reference signals, in practice beams, that this specific

report relates to;

• The measured L1-RSRP for the strongest beam;

• For the remaining up to three beams: The difference between themeasured L1-RSRP

and the measured L1-RSRP of the best beam.

12.2.2 Downlink receiver-side beam adjustment
Receiver-side beam adjustment aims at finding the best receive beam, given the current

transmit beam. To enable this, the device should once again be configured with a set of

downlink reference signals that, in this case, are transmitted within the same network-side

beam (the current serving beam). As outlined in Fig. 12.3, the device can then do a

Transmission

RecepƟon

Fig. 12.3 Downlink receiver-side beam adjustment.
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receiver-side beam sweep to measure on the configured reference signals in sequence

over a set of receiver beams. Based on these measurements the device may adjust its cur-

rent receiver beam.

Downlink receiver-side beam adjustment can be based on similar report configura-

tions as for transmitter-side beam adjustment. However, as the receiver-side beam adjust-

ment is done internally within the device, there is no report quantity associated with

receiver-side beam adjustment. According to Section 8.2, the report quantity should thus

be set to “None”.

To allow for analog beam-forming at the receiver side, the different reference signals

within the resource set should be transmitted in different symbols, allowing for the

receiver-side beam to sweep over the set of reference signals. At the same time, the device

should be allowed to assume that the different reference signals in the resource set are

transmitted using the same spatial filter, in practice the same transmit beam. In general,

a configured resource set includes a “repetition” flag that indicates whether or not a device

can assume that all reference signals within the resource set are transmitted using the same

spatial filter. For a resource set to be used for downlink receiver side beam adjustment, the

repetition flag should thus be set.

12.2.3 Uplink beam adjustment
Uplink beam adjustment serves the same purpose as downlink beam adjustment, that is,

to retain a suitable beam pair which, in the case of uplink beam adjustment implies a suit-

able transmitter beam at the device side and a corresponding suitable receiver beam at the

network side.

As discussed earlier, if sufficient beam correspondence can be assumed and if a suitable

downlink beam pair has been established and retained, explicit uplink beammanagement

is not needed. Rather, a suitable beam pair for the downlink transmission direction can be

assumed to be suitable also for the uplink direction. Note that the opposite would also be

true, that is, if a suitable beam pair is established and retained for the uplink direction, the

same beam pair could also be used in the downlink direction without the need for explicit

downlink beam management.

If explicit uplink beam adjustment is needed it can be done in essentially the same way

as for downlink beam adjustment with the main difference being that measurements are

done by the network based on configured SRS, rather than CSI-RS or SS block.

12.3 Beam indication and TCI

As should be obvious from above, key to efficient beam-based operation at higher fre-

quencies is the establishment of a matching beam pair between the transmitter and

receiver. This also means that, if the network for some reason changes the beam used

for transmission to a device, the device may have to adapt/change the receiver beam

to match the change of transmitter beam. To enable this in an efficient manner, NR
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introduced the concept of TCI (Transmission Configuration Indicator) states as a tool to indi-

cate the beam used for downlink transmissions. Based on knowledge of the TCI state of a

downlink transmission, a device can select a suitable receiver beam. If the transmitter

beam is changed, also the TCI state is changed, and the device can directly adapt/change

the receiver beam to match the change of the transmitter beam.

The TCI concept was introduced as part of the first release of NR (release 15) but was

then subject to a major update in release 17. Below we will first describe the original

release-15/16 TCI concept in Section 12.3.1 and then cover the new release-17 TCI

framework in Section 12.3.2.

12.3.1 Release-15/16 TCI states
In the general case, a release-15/16 TCI state corresponds to one or two downlink ref-

erence signals, either SSB or configured periodic CSI-RS, where each reference signal is

associated with a specific QCL type. For beam indication, the relevant thing is TCI states

that include a reference signal associated with QCL type D (spatial QCL).When a down-

link transmission (PDSCH or PDCCH) is associated with such a TCI state, a device can

assume that the downlink transmission uses the same spatial filtering, in practice uses the

same transmitter beam, as is used for the TCI-state reference signal. Thus, the device can

assume that it can use the receiver beam established for the reception of the TCI-state

reference signal also for the reception of the downlink transmission. If the transmitter

beam is changed, the device is informed about the corresponding new TCI state and

can adapt/change its receiver beam accordingly. Note that, for this to work properly,

the device needs to keep track of suitable receiver beams for a set of candidate TCI states.

To summarize the basic principles of beam indication based on the release-15/16

TCI states:

• The network associates different downlink beams with different TCI states, in practice

with different periodic reference signals (SSB or configured periodic CSI-RS)

• The device keeps track of suitable receiver beams for a set of TCI states, in practice

beams suitable for the reception of the reference signals of the set of TCI states

• The network provides information to the device about the TCI state of a given down-

link transmission (PDSCH or PDCCH)

• The receiver applies the receiver beam established for the provided TCI state to

receive the downlink transmission

Note that the release-15/16 TCI states are only applicable to downlink transmissions. For

uplink transmissions the concept of spatial relation between an uplink transmission and a

downlink reference signal is instead used. Configuring such a relation implies that the

device can apply the receiver beam established for the reception of the downlink refer-

ence signal as transmitter beam for the uplink transmission.
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In terms of the network providing the device with information about the current TCI

state of a given downlink transmission, this is done somewhat differently for the PDCCH

and PDSCH physical channels.

In general, a device can be configured with a relatively large number of TCI states.

For the transmission of PDCCH, a subset of the configured TCI states is assigned by

RRC signaling to each configured CORESET. By means of MAC signaling (MAC

CE), the network can then more dynamically indicate a specific TCI state, within the

per-CORESET-configured subset, to be the current TCI state for PDCCH transmis-

sions within that CORESET. The MAC-indicated TCI state will then remain the cur-

rent TCI state for PDCCH transmissions within the CORESET until a new TCI state is

indicated by a MAC CE.

For PDSCH beam indication, there are two alternatives depending on the scheduling

offset, that is, the transmission timing of the PDSCH relative to the timing of the corre-

sponding PDCCH that carries the scheduling assignment for the PDSCH.

If this scheduling offset is larger than N symbols, where N can take different values

depending on UE capabilities, the DCI of the scheduling assignment may explicitly

indicate the TCI state for the scheduled PDSCH transmission. To enable this, a set

of up to eight TCI states, from the larger set of configured TCI states, is first activated

by means of MAC signaling. A three-bit indicator within the DCI then indicates the

exact TCI state for the PDSCH transmission, out of the up to eight activated TCI

states.

If the scheduling offset is smaller or equal toN symbols, the device can instead assume

that the scheduled PDSCH transmission is spatially QCL with the corresponding

PDCCH transmission. In other words, the TCI state for the scheduled PDSCH can

be assumed to be the same as the current PDCCH TCI state transmission (indicated

by MAC according to above.

The reason for limiting the fully dynamic TCI selection based on DCI signaling to

situations when the scheduling offset is larger than a certain value is simply that, for

shorter scheduling offsets, there will not be sufficient time for the device to decode

the TCI information within the DCI and adapt the receiver beam accordingly before

the PDSCH is to be received.

12.3.2 Release-17 unified TCI framework
The release-15/16 TCI concept is very flexible with separate independent beam indica-

tion for each downlink physical channel. However, this also leads to a high signaling

overhead for the configuration/activation/indication of TCI states. At the same time,

in practice the same transmission beam is typically used for different downlink channels

targeting the same device. Furthermore, in most cases the same beam pair is used for

downlink and uplink transmissions to/from a device.
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Due to this, a new/modified TCI concept, referred to as the unified TCI framework,

was introduced in release 17. The key properties of the release-17 unified TCI frame-

work are

• The merging of the separate indications of PDSCH and PDCCHTCI states of release

15/16, into a joint downlink TCI state valid for both PDSCH and PDCCH. Note that

this assumes that the same spatial filtering, that is, in practice the same transmitter

beam, is used for PDSCH and PCSCH.

• The introduction of a joint uplink TCI state valid for both PUSCH and PUCCH, as a

replacement to the uplink spatial relation of release 15/16. In contrast to the release-

15/16 TCI states, the release-17 TCI framework is thus also used for uplink

transmissions.

The release-17 unified TCI framework also allows for combining the downlink and

uplink TCI states into a joint downlink/uplink TCI state. More specifically, the unified

TCI framework can operate in two different modes:

• Joint DL/UL TCIwhere a single joint TCI state is valid for both downlink and uplink

transmissions

• Separate DL/UL TCI where there is one TCI state for downlink transmissions and a

separate TCI state for uplink transmissions

Operating with joint downlink/uplink TCI states assumes that the same beam pair is used

for uplink and downlink transmissions, see left part of Fig. 12.4. In most cases this is a

reasonable assumption as the channel properties that impact beam selection are typically

the same for the downlink and uplink transmission directions. However, there are cases

when it could be beneficial to use different beam pairs for the downlink and uplink

transmissions, corresponding to separate downlink and uplink TCI states (right part of

Fig. 12.4). One such scenario could be when different antenna panels at the device have

different transmit-power capabilities. In such a case, even if one beam pair is better in

terms of path gain, a different uplink beam pair may still be preferred as it may allow

for higher transmit power and thus overall better link performance.

Joint DL/UL TCI Separate DL/UL TCI

Fig. 12.4 Joint DL/UL TCI vs. separate DL/UL TCI.
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Similar to the release-15/16 TCI states, update of a release-17 TCI state can be done

either by MAC signaling (MAC CE) or by a combination of MAC and DCI signaling.

In both cases, a device is first configured with a set of TCI states, either a set of joint

downlink/uplink TCI states or a set of downlink TCI states and a separate set of uplink

TCI states.

• In case of MAC signaling, a MAC CE directly updates the current joint downlink/

uplink TCI state, or separately updates the current downlink and uplink TCI states,

from the set(s) of configured TCI states.

• In case of combined MAC/DCI signaling, MAC CE first activates up to eight differ-

ent joint DL/UL TCI states, alternatively up to eight combinations of downlink and

uplink TCI states, from the set(s) of configured states. DCI signaling is then used to

indicate one of the activated TCI states or combinations of TCI states.

In case of separate downlink and uplink TCI states, each of the up to eight MAC-

activated combinations of downlink and uplink TCI states may correspond to

• a combination of a downlink TCI state and an uplink TCI state, in which case the DCI

will update both the downlink and uplink TCI states

• only a downlink TCI state, in which case the DCI will update only the downlink TCI

state while the uplink TCI state will remain unchanged

• only an uplink TCI state, in which case the DCI will update only the uplink TCI state

while the downlink TCI state will remain unchanged

An example of MAC-activated separate downlink and uplink TCI states and their map-

ping to the TCI field of a DCI is illustrated in Fig. 12.5.

In the example of Fig. 12.5

• if the DCI would signal “3”, the device should update the current downlink state to

DL TCI 10 and the current uplink TCI state to UL TCI 12,

• if the DCI would signal “0”, the device should update the current downlink TCI state

to DL TCI 3 but should not update the current uplink TCI state,

• if the DCI would signal “7”, the device should update the current uplink TCI state to

UL TCI 57 but should not update the downlink TCI state,

From the example above, one can note a difference between the DCI-based TCI-state

indication of release-15/16 and release-17.

TCI field 0 1 2 3 4 5 6 7

DL TCI state DL TCI 3 DL TCI 7 DL TCI 9 DL TCI 10 DL TCI 25 DL TCI 36 - -

UL DCI state - - UL TCI 1 UL TCI 12 UL TCI 7 UL TCI 20 UL TCI 42 UL TCI 57

Fig. 12.5 Example of mapping of activated DL and UL TCI states to TCI field of DCI.
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• For release 15/16, the TCI state indicated in DCI is valid specifically for the PDSCH

transmission scheduled by the DCI. For any future PDSCH transmissions, a new TCI

state should be indicated in the corresponding scheduling DCI. If no TCI state is indi-

cated, the MAC-CE-provided TCI state for the PDCCH should be assumed to be

valid also for the PDSCH transmission.

• For release-17, the TCI state indicated in the DCI updates the downlink and/or uplink

TCI state and the new TCI state will remain valid until a new TCI state is provided.

In case of DCI-indicated update of TCI states, the network needs to know that the DCI

has been properly received by the device. If the DCI carrying the TCI indication is also

used to schedule a PDSCH transmission, the Hybrid-ARQ feedback can be used as an

indication of correct DCI decoding. There are also means to have Hybrid ARQ feedback

also for DCI not scheduling PDSCH transmissions.

12.4 Beam recovery

In some cases, movements in the environment or other events, may lead to a currently

established beam pair being rapidly blocked without sufficient time for the regular beam

adjustment to adapt. The NR specification includes specific procedures to handle such

beam-failure events, also referred to as beam (failure) recovery.

In many respects, beam failure is similar to the concept of radio-link failure (RLF)

already defined for earlier radio-access technologies such as LTE and one could in prin-

ciple utilize already established RLF-recovery procedures to recover also from beam-

failure events. However, there are reasons to introduce additional procedures specifically

targeting beam failure.

• Especially in the case of narrow beams, beam failure, that is, loss of connectivity due to

a rapid degradation of established beam pairs, can be expected to occur more fre-

quently compared to RLF, which typically corresponds to a device moving out of

coverage from the currently serving cell;

• RLF typically implies loss of coverage to the currently serving cell in which case con-

nectivity must be reestablished to a new cell, perhaps even on a new carrier. After

beam failure, connectivity can often be re-established by means of a new beam pair

within the current cell. As a consequence, recovery from beam failure can often be

achieved by means of lower-layer functionality, allowing for faster recovery compared

to the higher-layer mechanisms used to recover from RLF.

In general, beam-failure/recovery consists of the following steps:

• Beam-failure detection, that is, the device detecting that a beam-failure has occurred;

• Candidate-beam identification, that is, the device trying to identify a new beam or, more

exactly, a new beam pair by means of which connectivity may be restored;
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• Recovery-request transmission, that is, the device transmitting a beam-recovery request to

the network;

• Network response to the beam-recovery request.

12.4.1 Beam-failure detection
Fundamentally, a beam failure is assumed to have happened when the error probability

for the downlink control channel (PDCCH) exceeds a certain value. However, similar to

radio-link failure, rather than actually measuring the PDCCH error probability the

device declares a beam failure based on measurements of the quality of some reference

signal. This is often expressed as measuring a hypothetical error rate. More specifically, the

device should declare beam failure based onmeasured L1-RSRP of a periodic CSI-RS or

an SS block that is spatially QCL with the PDCCH.

By default, the device should declare beam failure based on measurement on the ref-

erence signal (CSI-RS or SS block) associated with the PDCCH TCI state. However,

there is also a possibility to explicitly configure a different CSI-RS on which to measure

for beam-failure detection.

Each time instant the measured L1-RSRP is below a configured value is defined as a

beam-failure instance. If the number of consecutive beam-failure instances exceeds a con-

figured value, the device declares a beam failure and initiates the beam-failure-recovery

procedure.

12.4.2 New-candidate-beam identification
As a first step of the beam-recovery procedure, the device tries to find a new beam pair on

which connectivity can be restored. To enable this, the device is configured with a

resource set consisting of a set of CSI-RS, or alternatively a set of SS blocks. In practice,

each of these reference signals is transmitted within a specific downlink beam. The

resource set thus corresponds to a set of candidate beams.

Similar to normal beam establishment, the device measures the L1-RSRP on the ref-

erence signals corresponding to the set of candidate beams. If the L1-RSRP exceeds a

certain configured target, the reference signal is assumed to correspond to a beam by

means of which connectivity may be restored. It should be noted that, when doing this,

the device has to consider different receiver-side beam directions when applicable, that is,

what the device determines is, in practice, a candidate beam pair.

12.4.3 Device recovery request and network response
If a beam failure has been declared and a new candidate beam pair has been identified. the

device carries out a beam-recovery request. The aim of the recovery request is to inform the

network that the device has detected a beam failure. The recovery request may also

include information about the candidate beam identified by the device.
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The beam-recovery request is in essence a contention-free random-access request

consisting of preamble transmission and random-access response.a Each reference signal

corresponding to the different candidate beams is associated with a specific preamble con-

figuration (RACH occasion and preamble sequence, see Chapter 16). Given the iden-

tified beam, the preamble transmission should be carried out using the associated

preamble configuration. Furthermore, the preamble should be transmitted within the

uplink beam that coincides with the identified downlink beam.

It should be noted that each candidate beam may not necessarily be associated with a

unique preamble configuration. There are different alternatives:

• Each candidate beam is associated with a unique preamble configuration. In this case,

the network can directly identify the identified downlink beam from the received

preamble;

• The candidate beams are divided into groups where all beams within the same group

correspond to the same preamble configuration while beams of different groups cor-

respond to different preamble configurations. In this case, the received preamble only

indicates the group to which the identified downlink beam belongs;

• All candidate beams are associated with the same preamble configuration. In this case,

the preamble reception only indicates that beam failure has occurred and that the

device requests a beam-failure recovery.

Under the assumption that the candidate beams are originating from the same site it can

also be assumed that the random-access transmission is well time-aligned when arriving at

the receiver. However, there may be substantial differences in the overall path loss for

different candidate beam pairs. The configuration of the beam-recovery-request trans-

mission thus includes parameters for power ramping (see Section 16.2).

Once a device has carried out a beam-recovery-request it monitors downlink for a

network response. When doing so, the device may assume that the network, when

responding to the request, is transmitting PDCCH QCL with the RS associated with

the candidate beam included in the request.

The monitoring for the recovery-request response starts four slots after the transmis-

sion of the recovery request. If no response is received within a window of a configurable

size, the device retransmits the recovery request according to the configured power-

ramping parameters.

12.5 Multi-TRP operation

A TRP, or Transmission and Reception Point, is a physical point for network transmission

and/or reception. Such physical points could, for example, correspond to different cell

sites or to the geographically separated antennas in case of a distributed-antenna system.

a See Section 16.2 for more details on the NR random-access procedure including preamble structure.
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In general, multi-TRP operation includes

• downlink multi-point transmission, that is, downlink transmission to the same device from

multiple TRPs (left part of Fig. 12.6).

• uplink multi-point reception, that is, reception of uplink transmissions from a device at

multiple TRPs (right part of Fig. 12.6).

There are several potential gains with multi-TRP operation, including

• a power gain in the sense that, by transmitting from multiple points, the total power

available for the transmission can be increased;

• a rank gain in the sense that, by transmitting from multiple points, the overall channel

may be more “rich”, thereby enabling higher-rank transmission and corresponding

higher data rates;

• a reliability gain in the sense that, if the link to one TRP is blocked, connectivity could

still be maintained via the other TRP.

Note that some forms of multi-TRP operation can be transparent to the device, implying

that it can be used without requiring any multi-TRP-specific features in the radio-

interface specifications. As an example, if identical transmissions are carried out simulta-

neously from multiple transmission points, the overall received signal would, at least in

principle, be indistinguishable from a single-point transmission subject to multi-path

propagation. Likewise, at least in principle, nothing prevents that an uplink transmission

is received at multiple reception points without the device even being aware of it. Note

though that, to fully utilize these kinds of “transparent” multi-TRP operation, the device

would need to simultaneously receive respectively transmit in multiple directions. At

higher frequencies, where devices are typically equipped with multiple antenna panels

“looking” in different directions, this may not always be possible. Note that the trans-

mission and/or reception in multiple different directions is a fundamental property of

all types of multi-TRP operation although in some cases transmissions or receptions

in “different directions” does not occur simultaneously.

TRP PRT1#  #2 TRP PRT1#  #2

Downlink mul�-point knilpUnoissimsnart  mul�-point recep�on

Fig. 12.6 Downlink multi-point transmission vs. uplink multi-point reception.
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In addition to device-transparent multi-TRP operation, the NR specifications also

include explicit support for several non-transparent multi-TRP schemes:

• The simultaneous transmission of different data from two transmission points, as a tool to

increase the downlink data rates that could be provided to a device. Support for this was

introduced in 3GPP release 16 under the label Non-Coherent Joint Transmission (NCJT).

• The transmission of the same data from two transmission points using different time or

frequency resources, as a tool to improve the reliability of downlink transmissions.

• The transmission of the same data towards different reception points using different

time resources, as a tool to improve the reliability of uplink transmissions.

As high reliability is especially relevant for so-called URLLC services, see Chapter 1, the

two latter cases have, within 3GPP, been jointly referred to as Multi-TRP for URLLC.

Support for downlink multi-TRP for URLLCwas introduced in release 16 but was then

limited to the PDSCHphysical channel. In release 17, downlinkmulti-TRP for URLLC

was then extended to also cover the PDCCH physical channel. In parallel, release 17 also

introduced support for uplink multi-TRP for URLLC, that is, multi-point reception for

the PUSCH and PUCCH physical channels.

It should already now be mentioned that the currently supported NR multi-TRP

schemes, both non-coherent joint transmission and multi-TRP for URRLC (including

schemes introduced in release 17), rely on the release 15/16 TCI (see Section 12.3.1).

Extending multi-TRP operation to the release-17 unified TCI framework described

in Section 12.3.2 is part of the ongoing work on 3GPP release 18.

12.5.1 Non-coherent joint transmission
As described above, non-coherent joint transmission (NCJT) implies the simultaneous

transmission of different downlink data from two transmission points to the same device.

Note that, in general, non-coherent joint transmission requires that the device is capable

of simultaneous reception from different directions, something which, as already men-

tioned, may be difficult at higher frequencies such as mm-wave frequencies. At the same

time, non-coherent joint transmission, which aims at increasing the achievable data rates

for bandwidth-limited scenarios, is probably less relevant for mm-wave frequencies

where wide bandwidths are available.

NR supports two variants of non-coherent joint transmission, referred to as single-

DCI-based NCJT and multi-DCI-based NCJT respectively, see also Fig. 12.7. As the

names, as well as the figure, suggest, these two variants differ in terms of the scheduling

DCI. They also differ in terms of if there is one common PDSCH, or two separate

PDSCHs, from the two transmission points.

12.5.1.1 Single-DCI-based NCJT
In case of single-DCI-based NCJT (left part of Fig. 12.7) a single DCI schedules a single

multi-layer PDSCH where different PDSCH layers are transmitted from the two trans-

mission points.
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The main specification impact of single-DCI-based NCJT comes from the fact

that PDSCH layers transmitted from different transmission points should have differ-

ent QCL relations. As already described, the QCL relation for PDSCH can be

dynamically indicated in the scheduling DCI by indicating a specific TCI state from

a set of up to eight MAC-CE-activated TCI-states. To enable single-DCI-based

multi-TRP transmission, release-16 introduced the possibility for the DCI to simul-

taneously indicate two different TCI states with corresponding QCL relations. These

two TCI states then provide the QCL relation for different sets of the PDSCH

DMRS ports, that is, in practice for different sets of PDSCH layers. More specifically,

the first TCI state provides the QCL relation for the DMRS ports of the lowest CDM

group (see Chapter 9) while the second TCI state provides the QCL relation for the

remaining DMRS ports.

12.5.1.2 Multi-DCI-based NCJT
In case of multi-DCI-based NCJT (right part of Fig. 12.7), there is one PDSCH with an

associated transport block transmitted from each transmission point and with each

PDSCH being scheduled by separate DCIs carried by separate PDCCHs. The maximum

transmission rank of each PDSCH is limited to four implying that the total number of

layers transmitted to a given device is still limited to eight.

As the two PDSCHs can be received independently, one could, in principle, envision

completely independent timing of the transmissions from the two transmission points.

However, in order to allow for reception of the two transmissions using a single

DFT, there is an assumption that also for multi-DCI-based transmission, the transmis-

sions from the two transmission points are tightly aligned in time.

In case of multi-DCI-based NCJT, there are two transport blocks, one from each

transmission point. As a consequence, there will also be two separate HARQ feedbacks,

one for each transport block. As outlined in Fig. 12.8, there are to two alternatives for this

HARQ feedback

• Joint feedback using a single PUCCH

• Separate feedbacks using separate PUCCHs

TRP PRT1#  #2 TRP PRT1#  #2

Single-DCI-based itluMTJCN -DCI-based NCJT

Fig. 12.7 Single-DCI-based vs. multi-DCI-based NCJT.
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12.5.2 Downlink multi-TRP for URLLC
In case of non-coherent joint transmission as described above, different data is transmitted

from two different transmission points, either as different layers of the same PDSCH (for

single-DSI-based NCJT) or as two different PDSCH (for multi-DCI-based NCJT). In

case of non-coherent joint transmission, the multi-point transmission is thus a tool to

increase the achievable downlink data rates. However, downlink multi-point transmis-

sion can also be used as a tool to improve reliability by transmitting the same data from

different transmission points. As already mentioned, in 3GPP this has been referred to

as (downlink) multi-TRP for URLLC.

12.5.2.1 Downlink multi-TRP for URLLC – PDSCH
There are two different approaches to multi-TRP for URLLC for PDSCH, which differ

in terms of the time/frequency resources used for the transmissions from the different

TRPs.

• Multi-point transmission based on frequency multiplexing

• Multi-point transmission based on time multiplexing

In case of multi-point transmission based on frequency multiplexing, a transport block is

transmitted from two TRPs using non-overlapping frequency-domain resources, that is,

different non-overlapping sets of resource blocks, see Fig. 12.9. This can be done in two

different ways, in the specifications referred to as scheme A and scheme B respectively.

• In case of scheme A, the transport block is transmitted on a single PDSCH which is

split into two parts that are transmitted simultaneously on non-overlapping frequency-

domain resources from the two TRPs.

• In case of scheme B, the same transport block is transmitted on two different PDSCHs

that are transmitted simultaneously on non-overlapping frequency-domain resources

from the two TRPs.

TRP PRT1#  #2

Joint HARQ etarapeSkcabdeef  HARQ feedback

TRP #1 TRP #2

Fig. 12.8 Joint HARQ feedback vs separate HARQ feedback for multi-DCI-based NCJT.
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Note that also for Scheme B there is a single DCI scheduling both PDSCH.b

To enable device reception of the transmissions from the different TRPs, which typ-

ically are located in different directions as seen from the device, the two frequency-

domain resources (for scheme A) or the two PDSCH (for scheme B) should be associated

with different TCI states. Note that this assumes devices that are capable of simultaneous

downlink reception according to two different TCI states, in practice, capable of simul-

taneous reception from two different directions. As already mentioned, this may not be

supported by all devices, especially in case of operation at higher frequencies.

In case of multi-point transmission based on time multiplexing, a transport block is

instead transmitted from multiple TRPs using non-overlapping time-domain resources,

see Fig. 12.10. Note that the time multiplexing avoids the problem of simultaneous

device reception from multiple directions.

There are two alternatives for the time multiplexing between the TRPs:

• Intra-slot time multiplexing

• Inter-slot time multiplexing

In case of intra-slot time multiplexing, the same transport block is transmitted on two

different PDSCHs that are transmitted from the two TRPs using different symbols within

a slot. The intra-slot time multiplexing thus follows the same principle as frequency-

multiplexing scheme B above, that is, the transport block is transmitted using two dif-

ferent PDSCH from the two TRPs. In the same way as for frequency multiplexing,

the two time-domain resources should be associated with different TCI states.

TRP #1 TRP #2

Transport block

Split

Channel
coding

PDCCH

TRP #1 TRP #2

Transport block

Channel
coding

Copy

Channel
coding
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TRP #1

TRP #2
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Scheme A Scheme B

Fig. 12.9 Multi-TRP for URLLC for PDSCH – Frequency multiplexing.

b The use of a single DCI does not prevent the use of multi-TRP for the PDCCH, that is, the transmission of

the same DCI from multiple TRPs as described in Section 12.5.2.2.
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In case of inter-slot time multiplexing, the PDSCH transmission is instead repeated

over multiple slots. There can be up to 16 repetitions, with each repetition associated

with one out of two TCI states. Thus, even of there can be up to 16 repetitions, there

is still a limitation to two TRPs.

12.5.2.2 Downlink multi-TRP for URLLC – PDCCH
In case of multi-TRP for PDCCH, the same DCI is transmitted on two PDCCHs from

different transmission points, where the PDCCHs can either be separated in the fre-

quency domain, that is, transmitted simultaneously on different resource blocks, or sep-

arated in the time domain within the same slot.

In more details, multi-TRP for PDCCH is enabled by configuring the device with

two search spaces, see Section 10.1.3, that are explicitly configured to be mutually linked

to each other.c

The linked search spaces should be of the same type, periodicity and offset. Further-

more, there should be a one-to-one mapping between monitoring occasions of the two

search spaces. This means that, for every PDCCH transmitted within one of the search

spaces, there is a corresponding PDCCH, carrying the same DCI, transmitted at a well-

defined location within the other search space.
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Transport block
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Copy

Channel 
coding

Fig. 12.10 Multi-TRP for URLLC for PDSCH – Time multiplexing.

c The linking is done by assigning a link identity to each search space, with two search spaces being linked if

they have been assigned the same link identity. Note that a search space can only be linked to one other

search space, that is, at most two search spaces can be assigned the same link identity.
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To enable multi-TRP transmission, the linked search spaces should be within two

different CORESETS that are separated in time and/or frequency and that are assigned

different TCI states corresponding to the two TRPs.

To acquire the DCI, it is enough if a device finds a PDCCHwithin one of the linked

search spaces. Furthermore, if the device finds a PDCCHwithin one of the linked search

spaces it knows where, within the second search space, the corresponding PDCCH was

transmitted even if the device was not able to correctly decode that PDCCH. This is

important as the timing of certain events depends on the timing of the received PDCCH.

In case of multi-TRP transmission for PDCCH, these timing relations will, in some

cases, be based on the PDCCH that occurs first in time and, in some other cases, on

the PDCCH that occurs last in time. Thus, the device needs to know the timing of both

PDCCH even if only one of the PDCCH were correctly decoded.

12.5.3 Uplink multi-TRP for URLLC
Release 17 also introduced multi-TRP for URLLC for the uplink direction. More spe-

cifically release 17 introduced support for transmission of PUSCH and PUCCH towards

two different TRPs using different time-domain resources. Uplink multi-TRP is thus

limited to time multiplexing between the TRPs.

12.5.3.1 Uplink multi-TRP for URLLC – PUSCH
Multi-TRP PUSCH transmission extends the release-16 PUSCH repetition which

allows a PUSCH transmission to be repeated in up to 16 consecutive slots, see for exam-

ple Section 10.1.7 or Chapter 21. Release 17 extends this so that the different repetitions

may target two different receiving TRPs. In practice, this implies that the different rep-

etitions are transmitted using two different uplink beams matched to the two TRPs,

see Fig. 12.11.

TRP #1 TRP #2

PUSCH PUSCH PUSCH PUSCH

Transport block

Repe��on

Fig. 12.11 Multi-TRP for URLLC for PUSCH.
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There are two different alternatives for the mapping between repetitions

and beams:

• Cyclic mapping in which case the beam is changed for each repetition

• Sequential mapping, in which case the beam is change after every second repetition

(only relevant for the case of more than two repetitions)

In Section 11.3, uplinkmulti-antenna transmission was described. This included the con-

figuration of an SRS resource set consisting of one or several SRS resources, as well as the

presence of a SRS resource indicator (SRI) and rank/precoder indications (for

codebook-based transmission) in the scheduling DCI. To support multi-TRP PUSCH

transmission, release 17 extended this so that a device can be configured with two SRS

resource sets, that is, one resource set for each receiving TRP. Furthermore, the uplink

scheduling grants are extended to include two SRIs and two rank/precoder indicators,

corresponding to each of the two SRS resource sets, that is, each of the two

receiving TRPs.

12.5.3.2 Uplink multi-TRP for URLLC – PUCCH
Multi-TRP for PUCCH follows the same lines as multi-TRP for PUSCH, that is, the

PUCCH transmission is repeated with different repetitions transmitted towards different

TRPs. PUCCH repetition is possible for all PUCCH formats of Section 10.2.

The PUCCH repetition can either be inter-slot or intra-slot where, in the former

case, there can be two, four or eight repetitions while, for intra-slot repetitions there

can only be two repetitions. Note that, in either case, the number of TRPs is limited

to two.

308 5G/5G-Advanced

https://t.me/learningnets



CHAPTER 13

Retransmission protocols

Transmissions over wireless channels are subject to errors, for example, due to variations

in the received signal quality. To some degree, such variations can be counteracted

through link adaptation as will be discussed in Chapter 14. However, receiver noise

and unpredictable interference variations cannot be counteracted. Therefore, virtually

all wireless communication systems employ some form of Forward Error Correction

(FEC), adding redundancy to the transmitted signal allowing the receiver to correct

errors and tracing its roots to the pioneering work of Shannon [65]. In NR, LDPC

coding is used for error correction as discussed in Section 9.2.

Despite the error-correcting code, there will be data units received in error, for exam-

ple, due to a too high noise or interference level. Hybrid Automatic Repeat Request

(HARQ), first proposed by Wozencraft and Horstein [68] and relying on a combination

of error-correcting coding and retransmission of erroneous data units, is therefore com-

monly used in many modern communication systems. Data units in error despite the

error correcting coding are detected by the receiver, which requests a retransmission

from the transmitter.

In NR, three different protocol layers offer retransmission functionality – MAC,

RLC, and PDCP – as already mentioned in the introductory overview in Chapter 6.

The reasons for having a multi-level retransmission structure can be found in the trade-

off between fast and reliable feedback of the status reports. The hybrid-ARQmechanism

in the MAC layer targets very fast retransmissions and, consequently, feedback on success

or failure of the downlink transmission is provided to the gNB after each received trans-

port block (for uplink transmission no explicit feedback needs to be transmitted as the

receiver and scheduler are in the same node). Although it is in principle possible to attain

a very low error probability of the hybrid-ARQ feedback, it comes at a cost in transmis-

sion resources such as power. In many cases, a feedback error rate of 0.1–1% is reasonable,

which results in a hybrid-ARQ residual error rate of a similar order. In many cases this

residual error rate is sufficiently low, but there are cases when this is not the case. One

obvious case is services requiring ultra-reliable delivery of data combined with low

latency. In such cases, either the feedback error rate needs to be decreased and the

increased cost in feedback signaling has to be accepted, or additional retransmissions

can be performed without relying on feedback signaling, which comes at a decreased

spectral efficiency.
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A low error rate is not only of interest for URLLC type-of-services, but is also impor-

tant from a data-rate perspective. High data rates with TCP may require virtually

error-free delivery of packets to the TCP layer. As an example, for sustainable data rates

exceeding 100 Mbit/s, a packet-loss probability less than 10�5 is required [61]. The

reason is that TCP assumes packet errors to be due to congestion in the network.

Any packet error therefore triggers the TCP congestion-avoidance mechanism with a

corresponding decrease in data rate.

Compared to the hybrid-ARQ acknowledgments, the RLC status reports are trans-

mitted relatively infrequently and thus the cost of obtaining a reliability of 10�5 or lower

is relatively small. Hence, the combination of hybrid-ARQ and RLC attains a good

combination of small round-trip time and a modest feedback overhead where the two

components complement each other – fast retransmissions due to the hybrid-ARQ

mechanism and reliable packet delivery due to the RLC.

The PDCP protocol is also capable of handling retransmissions, as well as ensuring in-

sequence delivery. PDCP-level retransmissions are mainly used in the case of inter-gNB

handover as the lower protocols in this case are flushed. Not-yet-acknowledged PDCP

PDUs can be forwarded to the new gNB and transmitted to the device. In the case that

some of these were already received by the device, the PDCP duplicate detection mech-

anismwill discard the duplicates. The PDCP protocol can also be used to obtain selection

diversity by transmitting the same PDUs onmultiple carriers. The PDCP in the receiving

end will in this case remove any duplicates in case the same information was received

successfully on multiple carriers.

In the following sections, the principles behind the hybrid-ARQ, RLC, and PDCP

protocols will be discussed in more detail. Note that these protocols are present also in

LTE where they to a large extent provide the same functionality. However, the NR ver-

sions are enhanced to significantly reduce the delays.

13.1 Hybrid-ARQ with soft combining

The hybrid-ARQ protocol is the primary way of handling retransmissions in NR. In

case of an erroneously received packet, a retransmission is requested. However,

despite the receiver failing to decode a packet, the received signal still contains infor-

mation, information which is lost by discarding erroneously received packets. This

shortcoming is addressed by hybrid-ARQ with soft combining. In hybrid-ARQ with soft

combining, the erroneously received packet is stored in a buffer memory and later

combined with the retransmission to obtain a single, combined packet that is more

reliable than its constituents. Decoding of the error-correction code operates on

the combined signal.

Although the protocol itself primarily resides in the MAC layer, there is also physical

layer functionality involved in the form of soft combining. Retransmissions of codeblock
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groups, that is, retransmission of a part of the transport block, are handled by the physical

layer from a specification perspective, although it could equally well have been described

as part of the MAC layer.

The basis for the NR hybrid-ARQmechanism is a structure with multiple stop-and-

wait protocols, each operating on a single transport block. In a stop-and-wait protocol,

the transmitter stops and waits for an acknowledgement after each transmitted transport

block. This is a simple scheme; the only feedback required is a single bit indicating

positive or negative acknowledgement of the transport block. However, since the

transmitter stops after each transmission, the throughput is also low. Therefore, multiple

stop-and-wait processes operating in parallel are used such that, while waiting for

acknowledgement from one process, the transmitter can transmit data to another hybrid-

ARQ process. This is illustrated in Fig. 13.1; while processing the data received in the

first hybrid-ARQ process the receiver can continue to receive using the second process,

etc. This structure, multiple hybrid-ARQ processes operating in parallel to form one

hybrid-ARQ entity, combines the simplicity of a stop-and-wait protocol with the

possibility of continuous data transmission.

The use of multiple parallel hybrid-ARQ processes for a device can result in data

being delivered from the hybrid-ARQ mechanism out of sequence. For example, trans-

port block 3 in Fig. 13.1 was successfully decoded before transport block 2 which

required retransmissions. For many applications this is acceptable and, if not, in-sequence

delivery can be provided through the PDCP protocol. Note that ensuring in-sequence

delivery may result in additional latency. In the example in Fig. 13.1, packets numbers 3,

4, and 5 would have to be delayed until packet number 2 is correctly received before

delivering them to higher layers, while without in-sequence delivery each packet can

be forwarded as soon as it is correctly received.

There is one hybrid-ARQ entity per carrier the receiver is connected to. Spatial mul-

tiplexing of more than four layers to a single device in the downlink, where two transport

Process 3

Process 2

Process 1

Process 0

1 2 3 4 5 2 6 7

1 3 4 5 2 6 7

To MAC demultiplexing

Transmitted transport blocks

Fig. 13.1 Multiple hybrid-ARQ processes.
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blocks can be transmitted in parallel on the same transport channel as described in

Section 9.1, is supported by one hybrid-ARQ entity having two sets of hybrid-ARQ

processes with independent hybrid-ARQ acknowledgments.

NR uses an asynchronous hybrid-ARQ protocol in both downlink and uplink, that is,

the hybrid-ARQ process which the downlink or uplink transmission relates to is explic-

itly signaled as part of the downlink control information (DCI). An alternative would be

to use a synchronous hybrid-ARQ protocol where retransmissions occur a fixed time

after the initial transmission, but there are several reasons why an asynchronous protocol

is used for NR. One reason is that synchronous hybrid-ARQ operation does not allow

dynamic TDD. Another reason is that operation in unlicensed spectra, introduced in

release 16 and described in Chapter 20, is more efficient with asynchronous operation

as it cannot be guaranteed that the radio resources are available at the time for a synchro-

nous retransmission. Thus, NR settled for an asynchronous scheme in both uplink and

downlink with up to 16 processes, extended to 32 processes in release 17. Having the

possibility for a relatively large number of hybrid-ARQ processes is motivated by the

possibility for remote radio heads, which incurs a certain fronthaul delay, and the fact

that the slot duration is short at high frequencies. Non-terrestrial access is another sce-

nario with very large delays and thus requiring a large number of hybrid-ARQ processes.

It is important though, that the larger number of maximum hybrid-ARQ processes does

not imply a longer roundtrip time as not all processes need to be used, it is only an upper

limit of the number of processes possible to address.

Large transport block sizes are segmented into multiple codeblocks prior to coding,

each with its own 24-bit CRC (in addition to the overall transport-block CRC). This

was discussed already in Section 9.2 and the reason is primarily complexity; the size of a

codeblock is large enough to give good performance while still having a reasonable

decoding complexity. Since each codeblock has its own CRC, errors can be detected

on individual codeblocks as well as on the overall transport block. A relevant question

is if retransmission should be limited to transport blocks or whether there are benefits

of retransmitting only the codeblocks that are erroneously received. For the very large

transport block sizes used to support data rates of several gigabits per second, there

can be hundreds of codeblocks in a transport block. If only one or a few of them are

in error, retransmitting the whole transport block results in a low spectral efficiency com-

pared to retransmitting only the erroneous codeblocks. One example where only some

codeblocks are in error is a situation with bursty interference where some OFDM sym-

bols are hit more severely than others, as illustrated in Fig. 13.2, for example, due to one

downlink transmission preempting another as discussed in Section 14.1.2.

To correctly receive the transport block for the given example, it is sufficient to

retransmit the erroneous codeblocks. At the same time, the control signaling overhead

would be too large if individual codeblocks can be addressed by the hybrid-ARQ

mechanism. Therefore, so-called codeblock groups (CBGs) are defined. If per-CBG
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Fig. 13.2 Codeblock-group retransmission.
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retransmission is configured, feedback is provided per CBG instead of per transport block

and only the erroneously received codeblock groups are retransmitted, which consumes

less resources than retransmitting the whole transport block. Two, four, six, or eight

codeblock groups can be configured with the number of codeblocks per codeblock

group varying as a function of the total number of codeblocks in the initial transmission.

Note that the codeblock group a codeblock belongs to is determined from the initial

transmission and does not change between the transmission attempts. This is to avoid

error cases which could arise if the codeblocks were repartitioned between two

retransmissions.

The CBG retransmissions are handled as part of the physical layer from a specification

perspective. There is no fundamental technical reason for this but rather a way to reduce

the specification impact from CBG-level retransmissions. A consequence of this is that it

is not possible, in the same hybrid-ARQ process, to mix transmission of new CBGs

belonging to another transport block with retransmissions of CBGs belonging to the

incorrectly received transport block.

13.1.1 Soft combining
An important part of the hybrid-ARQ mechanism is the use of soft combining, which

implies that the receiver combines the received signal from multiple transmission

attempts. By definition, a hybrid-ARQ retransmission must represent the same set of

information bits as the original transmission. However, the set of coded bits transmitted

in each retransmission may be selected differently as long as they represent the same set of

information bits. Depending on whether the retransmitted bits are required to be iden-

tical to the original transmission or not the soft combining scheme is often referred to as

Chase combining, first proposed in [20], or Incremental Redundancy (IR), which is used in

NR. With incremental redundancy, each retransmission does not have to be identical to

the original transmission. Instead,multiple sets of coded bits are generated, each represent-

ing the same set of information bits [63,67]. The rate matching functionality of NR,

described in Section 9.3, is used to generate different sets of coded bits as a function

of the redundancy version as illustrated in Fig. 13.3.

In addition to a gain in accumulated received Eb/N0, incremental redundancy also

results in a coding gain for each retransmission (until the mother code rate is reached).

The gain with incremental redundancy compared to pure energy accumulation (Chase

combining) is larger for high initial code rates [22]. Furthermore, as shown in [31], the

performance gain of incremental redundancy compared to Chase combining can also

depend on the relative power difference between the transmission attempts.

In the discussion so far, it has been assumed that the receiver has received all the pre-

viously transmitted redundancy versions. If all redundancy versions provide the same

amount of information about the data packet, the order of the redundancy versions is
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not critical. However, for some code structures, not all redundancy versions are of equal

importance. This is the case for the LDPC codes used in NR; the systematic bits are of

higher importance than the parity bits. Hence, the initial transmission should at least

include all the systematic bits and some parity bits. In the retransmission(s), parity bits

not in the initial transmission can be included. This is the background to why systematic

bits are inserted first in the circular buffer in Section 9.3. The starting points in the circular

buffer are defined such that both RV0 and RV3 are self-decodable, that is, includes the

systematic bits under typical scenarios. This is also the reason RV3 is located after nine

o’clock in Fig. 13.3 as this allows more of the systematic bits to be included in the trans-

mission. With the default order of the redundancy versions 0, 2, 3, 1, every second

retransmission is typically self-decodable.

Hybrid ARQ with soft combining, regardless of whether Chase or incremental

redundancy is used, leads to an implicit reduction of the data rate by means of retransmis-

sions and can thus be seen as implicit link adaptation. However, in contrast to link adap-

tation based on explicit estimates of the instantaneous channel conditions, hybrid ARQ

with soft combining implicitly adjusts the coding rate based on the result of the decoding.

In terms of overall throughput this kind of implicit link adaptation can be superior to

explicit link adaptation, as additional redundancy is only added when needed – that is,

when previous higher-rate transmissions were not possible to decode correctly. Further-

more, as it does not try to predict any channel variations, it works well regardless of the

speed at which the terminal is moving. Since implicit link adaptation can provide a gain in

system throughput, a valid question is why explicit link adaptation is necessary at all. One

major reason for having explicit link adaptation is the reduced delay. Although relying on

implicit link adaptation alone is sufficient from a system throughput perspective, the end-

user service quality may not be acceptable from a delay perspective.

RV0

RV1

RV2

RV3

1st transmission

2nd transmission

3rd transmission

4th transmission

Fig. 13.3 Example of incremental redundancy.
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For proper operation of soft combining, the receiver needs to knowwhen to perform

soft combining prior to decoding and when to clear the soft buffer – that is, the receiver
needs to differentiate between the reception of an initial transmission (prior to which the

soft buffer should be cleared) and the reception of a retransmission. Similarly, the trans-

mitter must know whether to retransmit erroneously received data or to transmit new

data. This is handled by the new-data indicator as discussed further below for downlink

and uplink hybrid-ARQ, respectively.

13.1.2 Downlink hybrid-ARQ
In the downlink, retransmissions are scheduled in the same way as new data – that is, they
may occur at any time and at an arbitrary frequency location within the active bandwidth

part. The scheduling assignment contains the necessary hybrid-ARQ-related control sig-

naling – hybrid-ARQ process number, new-data indicator, and CBGTI and CBGFI in

case per-CBG retransmission is configured, as well as information to handle the transmis-

sion of the acknowledgement in the uplink such as timing and resource indication

information.

Upon receiving a scheduling assignment in the DCI, the receiver tries to decode the

transport block, possibly after soft combining with previous attempts as described earlier.

Since transmissions and retransmissions are scheduled using the same framework in gen-

eral, the device needs to know whether the transmission is a new transmission, in which

case the soft buffer should be flushed, or a retransmission, in which case soft combining

should be performed. Therefore, an explicit new-data indicator is included for the sched-

uled transport block as part of the scheduling information transmitted in the downlink.

The new-data indicator is toggled for a new transport block – that is, it is essentially a

single-bit sequence number. Upon reception of a downlink scheduling assignment,

the device checks the new-data indicator to determine whether the current transmission

should be soft combined with the received data currently in the soft buffer for the hybrid-

ARQ process in question, or if the soft buffer should be cleared.

The new-data indicator operates on the transport-block level. However, if per-CBG

retransmissions are configured, the device needs to know which CBGs that are retrans-

mitted and whether the corresponding soft buffer should be flushed or not. This is han-

dled through two additional information fields present in the DCI in case per-CBG

retransmission is configured, the CBG transmission indicator (CBGTI) and the CBG flush

indicator (CBGFI). The CBGTI is a bitmap indicating whether a certain CBG is present in

the downlink transmission or not (see Fig. 13.4). The CBGFI is a single bit, indicating

whether the CBGs indicated by the CBGTI should be flushed or whether soft combining

should be performed. The result of the decoding operation – a positive acknowledge-

ment in the case of a successful decoding and a negative acknowledgement in the case

of unsuccessful decoding – is fed back to the gNB as part of the uplink control
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information. If CBG retransmissions are configured, a bitmapwith one bit per CBG is fed

back instead of a single bit representing the whole transport block.

13.1.3 Uplink hybrid-ARQ
The uplink uses the same asynchronous hybrid-ARQ protocol as the downlink. The

necessary hybrid-ARQ-related information – hybrid-ARQ process number, new-data

indicator, and, if per-CBG retransmission is configured, the CBGTI – is included in

the scheduling grant.

To differentiate between new transmissions and retransmissions of data, the new-data

indicator is used. Toggling the new-data indicator requests transmission of a new trans-

port block, otherwise the previous transport block for this hybrid-ARQ process should

be retransmitted (in which case the gNB can perform soft combining). The CBGTI is

used in a similar way as in the downlink, namely to indicate the codeblock groups to

retransmit in the case of per-CBG retransmission. Note that no CBGFI is needed in

the uplink as the soft buffer is located in the gNB which can decide whether to flush

the buffer or not based on the scheduling decisions.

13.1.4 Timing of uplink acknowledgments
The device needs to know when to transmit the acknowledgement in the uplink in

response to a downlink reception. Having a fixed timing relation between the data recep-

tion and the transmission of the acknowledgement is a simple approach and works nicely

for FDD. Unfortunately, this type of scheme with predefined timing instants for the

acknowledgments does not blend well with dynamic TDD, one of the cornerstones

of NR, as an uplink opportunity cannot be guaranteed a fixed time after the downlink

transmission due to the uplink-downlink direction being dynamically controlled by the

scheduler. Coexistence with other TDD deployments in the same frequency band may

also impose restrictions when it is desirable, or possible, to transmit in the uplink.

Transport block

0 1 0 0

CBG

CBGTI

Only this CBG is retransmitted

Flushing of soft buffer controlled by CBGFITo soft combining

Fig. 13.4 Illustration of per-CBG retransmission.
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Furthermore, even if it would be possible, it may not be desirable to change the

transmission direction from downlink to uplink in each slot as this would increase the

switching overhead. Consequently, a more flexible scheme capable of dynamically con-

trolling when the acknowledgement is transmitted is adopted in NR.

The hybrid-ARQ timing field in the downlink DCI is used to control the transmis-

sion timing of the acknowledgement in the uplink. This three-bit field is used as an index

into an RRC-configured table providing information on when the hybrid-ARQ

acknowledgement should be transmitted relative to the reception of the PDSCH (see

Fig. 13.5). In this particular example, three slots are scheduled in the downlink before

an acknowledgement is transmitted in the uplink. In each downlink assignment, different

acknowledgement timing indices have been used, which in combination with the RRC-

configured table result in all three slots being acknowledged at the same time (multiplex-

ing of these acknowledgments in the same slot is discussed below).

NR is designed with very low latency in mind and is therefore capable of transmitting

the acknowledgement soon after receiving the downlink data transmission. All devices

support the baseline processing times listed in Table 13.1, with even faster processing

optionally supported by some devices. The capability is reported per subcarrier spacing.

One part of the processing time is constant in symbols across different subcarrier spacings,

that is, the time in microseconds scales with the subcarrier spacing, but there is also a part

of the processing time fixed in microseconds and independent of the subcarrier spacing.

Downlink
control

Downlink
data

Index Offset
0 ΔT0
1 ΔT1
2 ΔT2
3 ΔT3
… …

Uplink 
ACK

ACK timing ΔT3

In
de

x 
3

slot

RRC-configured table

ΔT2

Fig. 13.5 Determining the acknowledgement timing.

Table 13.1 Minimum processing time (PDSCH mapping type A, feedback on PUCCH).

DM-RS
configuration

Device
capability

Subcarrier spacing

LTE rel 815kHz 30kHz 60kHz 120kHz

Front-loaded Baseline 0.57ms 0.36ms 0.30ms 0.18ms 2.3ms

Aggressive 0.18–0.29ms 0.08–0.17ms

Additional Baseline 0.92ms 0.46ms 0.36ms 0.21ms

Aggressive 0.85ms 0.4ms
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Hence, the processing times listed in the table are not directly proportional to the sub-

carrier spacing although there is a dependency. There is also a dependency on the ref-

erence signal configuration; if the device is configured with additional reference signal

occasions later in the slot, the device cannot start the processing until at least some of

these reference signals have been received and the overall processing time is longer. Nev-

ertheless, the processing is much faster than the corresponding LTE case as a result of

stressing the importance of low latency in the NR design.

For proper transmission of the acknowledgement, it is not sufficient for the device to

know when to transmit, which is obtained from the timing field discussed, but also where

in the resource domain (frequency resources and, for some PUCCH formats, the code

domain). Also in this case NR provides a great deal of flexibility. To avoid collisions

between multiple devices transmitting their acknowledgements at the same time, it is

necessary to provide the devices with separate resources. This is handled through the

PUCCH resource indicator, which is a three-bit index selecting one of eight RRC-

configured resource sets as described in Section 10.2.7.

13.1.5 Multiplexing of hybrid-ARQ acknowledgments
In the previous section, the timing of the hybrid-ARQ acknowledgments in the example

was such that multiple transport blocks need to be acknowledged at the same time. Other

examples where multiple acknowledgments need to be transmitted in the uplink at the

same time are carrier aggregation and per-CBG retransmissions. NR therefore supports

multiplexing of acknowledgments for multiple transport blocks (and CBGs) received by a

device into one multi-bit acknowledgement message. The multiple bits can be multi-

plexed using either a semi-static (type 1) codebook or a dynamic (type 2) codebook with

RRC configuration selecting between the two. Release 16 in addition introduces a one-

shot feedback report where the device is requested to report the status for all the hybrid-

ARQ processes. This is also known as a type 3 codebook and used in conjunction with

operation in unlicensed spectra as described in more detail in Chapter 20.

The semi-static codebook can be viewed as a matrix consisting of a time-domain

dimension and a component-carrier (or CBG orMIMO layer) dimension, both of which

are semi-statically configured. The size in the time domain is given by the maximum and

minimum hybrid-ARQ acknowledgement timings configured in Table 13.1, and the

size in the carrier domain is given by the number of simultaneous transport blocks (or

CBGs) across all component carriers. An example is provided in Fig. 13.6, where the

acknowledgment timings are one, two, three, and four, respectively, and three carriers,

one with two transport blocks, one with one transport block, and one with four CBGs,

are configured. Since the codebook size is fixed, the number of bits to transmit in a

hybrid-ARQ report is known (4�7¼28 bits in the example in Fig. 13.6) and the appro-

priate format for the uplink control signaling can be selected. Each entry in the matrix

represents the decoding outcome, positive or negative acknowledgment, of the

319Retransmission protocols

https://t.me/learningnets



corresponding transmission. Not all transmission opportunities possible with the code-

book are used in this example and for entries in the matrix without a corresponding trans-

mission, a negative acknowledgment is transmitted. This provides robustness; in the case

of missed downlink assignment a negative acknowledgment is provided to the gNB,

which can retransmit the missing transport block (or CBG).

One drawback with the semi-static codebook is the potentially large size of a hybrid-

ARQ report. For a small number of component carriers and noCBG retransmissions, this

is less of a problem, but if a large number of carriers and codeblock groups are configured

out of which only a small number is simultaneously used, this may become more of

an issue.

To address the drawback of a potentially large semi-static codebook size in some sce-

narios, NR also supports a dynamic codebook. In fact, this is the default codebook used

unless the system is configured otherwise. With a dynamic codebook, only the acknowl-

edgement information for the scheduled carriersa is included in the report, instead of all

ΔT=4 ΔT=3 ΔT=2 ΔT=1

AN AN N AN

N AN N AN

N N N AN

AN N AN N

AN N AN N

AN N AN N

AN N AN N

One carrier with one 
transport block per slot

One carrier with up to two 
transport blocks per slot

One carrier with one 
transport block and CBG 
retransmission

Time span of the codebook

One carrier with one 
transport block per slot

One carrier with up to two 
transport blocks per slot

One carrier with one 
transport block and CBG 
retransmission

Non-scheduled 
transmission set to NAK

ACK or NAK depending 
on decoding outcome

Report hybrid-ARQ 
feedback of fixed size

slot

Fig. 13.6 Example of semi-static hybrid-ARQ acknowledgement codebook.

a The description here uses the term “carrier” but the same principle is equally applicable to per-CBG

retransmission or multiple transport blocks in case of MIMO and “transmission instant” is a more

generic term, albeit the description would be harder to read.
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carriers, scheduled or not, as is the case with a semi-static codebook. Hence, the size of

the codebook (the matrix in Fig. 13.6) is dynamically varying as a function of the number

of scheduled carriers. In essence, only the bold entries in the example in Fig. 13.6 would

be included in the hybrid-ARQ report and the non-bold entries with a gray background

(which correspond to non-scheduled carriers) would be omitted. This reduces the size of

the acknowledgement message.

A dynamic codebook would be straight forward if there were no errors in the down-

link control signaling. However, in presence of an error in the downlink control signal-

ing, the device and gNB may have different understanding on the number of scheduled

carriers which would lead to an incorrect codebook size and possibly corrupt the feed-

back report for all carriers, and not only for the ones for which the downlink controls

signaling was missed. Assume, as an example, that the device was scheduled for downlink

transmission in two subsequent slots but missed the PDCCH and hence scheduling

assignment for the first slot. In response the device will transmit an acknowledgement

for the second slot only, while the gNB tries to receive acknowledgments for two slots,

leading to a mismatch.

To handle these error cases, NR uses the downlink assignment index (DAI) included in

the DCI containing the downlink assignment. The DAI field is further split into two

parts, a counter DAI (cDAI) and, in the case of carrier aggregation, a total DAI (tDAI).

The counter DAI included in the DCI indicates the number of scheduled downlink

transmissions up to the point the DCI was received in a carrier first, time second manner.

The total DAI included in the DCI indicates the total number of downlink transmissions

across all carriers up to this point in time, that is, the highest cDAI at the current point in

time (see Fig. 13.7 for an example). The counter DAI and total DAI are represented with

decimal numbers with no limitation; in practice two bits are used for each and the num-

beringwill wrap around, that is, what is signaled is the numbers in the figuremodulo four.

As seen in this example, the dynamic codebook needs to account for 17 acknowledg-

ments (numbered 0 to 16). This can be compared with the semi-static codebook which

would require 28 entries regardless of the number of transmissions.

Furthermore, in this example, one transmission on component carrier five is lost.

Without the DAI mechanism, this would result in misaligned codebooks between the

device and the gNB. However, as long as the device receives at least one component

carrier, it knows the value of the total DAI and hence the size of the codebook at this

point in time. Furthermore, by checking the values received for the counter DAI, it

can conclude which component carrier was missed and that a negative acknowledgement

should be assumed in the codebook for this position.

In the case that CBG retransmission is configured for some of the carriers, the

dynamic codebook is split into two parts, one for the non-CBG carriers and one for

the CBG carriers. Each codebook is handled according to the principles outlined.

The reason for the split is that for the CBG carriers, the device needs to generate feedback

for each of these carriers according to the largest CBG configuration.
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13.2 RLC

The radio-link control (RLC) protocol takes data in the form of RLC SDUs from PDCP

and delivers them to the corresponding RLC entity in the receiver by using functionality

inMAC and physical layers. The relation between RLC andMAC, including multiplex-

ing of multiple logical channels into a single transport channel, is illustrated in Fig. 13.8.

There is one RLC entity per logical channel configured for a device with the RLC

entity being responsible for one or more of

• Segmentation of RLC SDUs;

• Duplicate removal; and

• RLC retransmission.

There is no support for concatenation or in-sequence delivery in theRLC protocol. This is

a deliberate choice done to reduce the overall latency as discussed further in the following

sections. It has also impacted the header design. Also, note that the fact that there is one

RLC entity per logical channel and one hybrid-ARQ entity per cell (component carrier)

implies that RLC retransmissions can occur on a different cell (component carrier) than the

original transmission. This is not the case for the hybrid-ARQ protocol where retransmis-

sions are bound to the same component carrier as the original transmission.

Different services have different requirements; for some services (for example, transfer

of a large file), error-free delivery of data is important, whereas for other applications

(0, 4) (5,8) (11,16)

Time span of the codebook

Carrier #0
slot

(3,4) (8,8) (15,16)

(1,4) (13,16)(9,10)

(6,8) (12,16)

(2,4) (14,16)

(4,4) (16,16)

(7,8) (10,10)

Carrier #1

Carrier #2

Carrier #3

Carrier #4

Carrier #5

Carrier #6

The device knows 17 ACKs
are expected by the gNB

By comparing tDAI and cDAI, 
the device can conclude which 
transission that was missed

cDAI tDAI

Fig. 13.7 Example of dynamic hybrid-ARQ acknowledgement codebook.
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Fig. 13.8 MAC and RLC.
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(for example, streaming services), a small amount of missing packets is not a problem. The

RLC can therefore operate in three different modes, depending on the requirements

from the application:

• Transparent mode (TM), where the RLC is completely transparent and is essentially

bypassed. No retransmissions, no duplicate detection, and no segmentation/reassem-

bly take place. This configuration is used for control-plane broadcast channels such as

BCCH, CCCH, and PCCH, where the information should reach multiple users. The

size of these messages is selected such that all intended devices are reached with a high

probability and hence there is neither need for segmentation to handle varying channel

conditions, nor retransmissions to provide error-free data transmission. Furthermore,

retransmissions are not feasible for these channels as there is no possibility for the

device to feed back status reports as no uplink has been established.

• Unacknowledged mode (UM) supports segmentation but not retransmissions. This mode

is used when error-free delivery is not required, for example voice-over IP.

• Acknowledged mode (AM) is the main mode of operation for the DL-SCH and

UL-SCH. Segmentation, duplicate removal, and retransmissions of erroneous data

are all supported.

In the following sections, the operation of the RLC protocol is described, focusing on

acknowledged mode.

13.2.1 Sequence numbering and segmentation
In unacknowledged and acknowledged modes, a sequence number is attached to each

incoming SDU using 6 or 12 bits for unacknowledged mode and 12 or 18 bits for

acknowledged mode. The sequence number is included in the RLC PDU header in

Fig. 13.9. In the case of a non-segmented SDU, the operation is straightforward; the

RLC PDU is simply the RLC SDUwith a header attached. Note that the PDU structure

allows the RLC PDUs to be generated in advance as the header, in the absence of seg-

mentation, does not depend on the scheduled transport block size. This is beneficial from

a latency perspective.

Depending on the transport-block size after MACmultiplexing, the size of the last of

the RLC PDUs in a transport block may not match the RLC SDU size. To handle this,

an SDU can be segmented into multiple segments. If no segmentation takes place, pad-

ding would need to be used instead, leading to degraded spectral efficiency. Hence,

dynamically varying the number of RLC PDUs used to fill the transport block, together

with segmentation to adjust the size of the last RLC PDU, ensures the transport block is

efficiently utilized.

Segmentation is simple; the last preprocessedRLCSDUcanbe split into two segments,

the header of the first segment is updated, and to the second segment a new header is

added (which is not timecritical as it is not being transmitted in the current transport block).
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Fig. 13.9 Generation of RLC PDUs from RLC SDUs (acknowledged mode assumed for the header structure).
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Each SDU segment carries the same sequence number as the original unsegmented

SDU and this sequence number is part of the RLC header. To distinguish whether the

PDUcontains a complete SDUor a segment, a segmentation information (SI) field is also part

of the RLC header, indicating whether the PDU is a complete SDU, the first segment

of the SDU, the last segment of the SDU, or a segment between the first and last segments

of the SDU. Furthermore, in the case of a segmented SDU, a 16-bit segmentation offset

(SO) is included in all segments except the first one and used to indicate which byte of

the SDU the segment represents.

There is also a poll bit (P) in the header used to request a status report for acknowledged

mode as described further, and a data/control indicator, indicating whether the RLC PDU

contains data to/from a logical channel or control information required for RLC

operation.

The header structure holds for acknowledgedmode. The header for unacknowledged

mode is similar but does not include either the poll bit or the data/control indicator. Fur-

thermore, the sequence number is included in the case of segmentation only.

As already mentioned, there is no support for concatenation or in-sequence in the

RLC in order to reduce latency. If concatenation would be supported, an RLC PDU

cannot be assembled until the uplink grant is received as the scheduled transport-block

size is not known in advance. Consequently, the uplink grant must be received well in

advance to allow sufficient processing time in the device. Without concatenation, the

RLC PDUs can be assembled in advance, prior to receiving the uplink grant, and thereby

reducing the processing time required between receiving an uplink grant and the actual

uplink transmission.

Omitting in-sequence delivery from the RLC also helps reduce the overall latency as

later packets do not have to wait for retransmission of an earlier missing packet before

being delivered to higher layers, but can be forwarded immediately. This also leads to

reduced buffering requirements positively impacting the amount of memory used for

RLC buffering. If in-sequence delivery would be supported, an RLC SDU cannot be

forwarded to higher layers unless all previous SDUs have been correctly received.

A single missing SDU, for example, due to a momentary interference burst, can thus

block delivery of subsequent SDUs for quite some time even if those SDUs would be

useful to the application, a property which is clearly not desirable in a system targeting

very low latency.

13.2.2 Acknowledged mode and RLC retransmissions
Retransmission of missing PDUs is one of the main functionalities of the RLC in

acknowledged mode. Although most of the errors can be handled by the hybrid-

ARQ protocol, there are, as discussed at the beginning of the chapter, benefits of having

a second-level retransmission mechanism as a complement. By inspecting the sequence
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numbers of the received PDUs, missing PDUs can be detected and a retransmission

requested from the transmitting side.

In acknowledged mode, the RLC entity is bidirectional – that is, data may flow in

both directions between the two peer entities. This is necessary as the reception of PDUs

needs to be acknowledged back to the entity that transmitted those PDUs. Information

about missing PDUs is provided by the receiving end to the transmitting end in the form

of so-called status reports. Status reports can either be transmitted autonomously by the

receiver or requested by the transmitter. To keep track of the PDUs in transit, the

sequence number in the header is used.

Both RLC entities maintain two windows in acknowledged mode, the transmission

and reception windows, respectively. Only PDUs in the transmission window are

eligible for transmission; PDUs with sequence number below the start of the window

have already been acknowledged by the receiving RLC. Similarly, the receiver only

accepts PDUs with sequence numbers within the reception window. The receiver

also discards any duplicate PDUs as only one copy of each SDU should be delivered

to higher layers.

The operation of the RLC with respect to retransmissions is perhaps best understood

by the simple example in Fig. 13.10, where two RLC entities are illustrated, one in the

transmitting node and one in the receiving node. When operating in acknowledged

mode each RLC entity has both transmitter and receiver functionality, but in this exam-

ple only one of the directions is discussed as the other direction is identical. In the exam-

ple, PDUs numbered from n to n+4 are awaiting transmission in the transmission buffer.

At time t0, PDUs with sequence number up to and including n have been transmitted and

correctly received, but only PDUs up to and including n �1 have been acknowledged by

the receiver. As seen in the figure, the transmission window starts from n, the first not-

yet-acknowledged PDU, while the reception window starts from n +1, the next PDU

expected to be received. Upon reception of a PDU n, the SDU is reassembled and deliv-

ered to higher layers, that is, the PDCP. For a PDU containing a complete SDU, reas-

sembly is simply header removal, but in the case of a segmented SDU, the SDU cannot be

delivered until PDUs carrying all the segments have been received.

The transmission of PDUs continues and, at time t1, PDUs n +1 and n +2 have been

transmitted but, at the receiving end, only PDU n +2 has arrived. As soon as a complete

SDU is received, it is delivered to higher layers, hence PDU n +2 is forwarded to the

PDCP layer without waiting for the missing PDU n +1. One reason PDU n +1 is miss-

ing could be that it is under retransmission by the hybrid-ARQ protocol and therefore

has not yet been delivered from the hybrid ARQ to the RLC. The transmission window

remains unchanged compared to the previous figure, as none of the PDUs n and higher

have been acknowledged by the receiver. Hence, any of these PDUs may need to be

retransmitted as the transmitter is not aware of whether they have been received correctly

or not.
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Fig. 13.10 SDU delivery in acknowledged mode.
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The reception window is not updated when PDU n +2 arrives, the reason being the

missing PDU n +1. Instead the receiver starts a timer, the t-Reassembly timer. If the miss-

ing PDU n +1 is not received before the timer expires, a retransmission is requested.

Fortunately, in this example, the missing PDU arrives from the hybrid-ARQ protocol

at time t2, before the timer expires. The reception window is advanced and the reassem-

bly timer is stopped as the missing PDU has arrived. PDU n +1 is delivered for reassem-

bly into SDU n+1.

Duplicate detection is also the responsibility of the RLC, using the same sequence

number as used for retransmission handling. If PDU n+2 arrives again (and is within

the reception window), despite it having already been received, it is discarded.

The transmission continues with PDUs n+3, n+4, and n+5 as shown in Fig. 13.11.

At time t3, PDUs up to n+5 have been transmitted. Only PDU n+5 has arrived and

PDUs n+3 and n+4 are missing. Similar to the earlier case, this causes the reassembly

timer to start. However, in this example no PDUs arrive prior to the expiration of the

timer. The expiration of the timer at time t4 triggers the receiver to send a control PDU

containing a status report, indicating the missing PDUs, to its peer entity. Control PDUs

have higher priority than data PDUs to avoid the status reports being unnecessarily

delayed and negatively impacting the retransmission delay. Upon receipt of the status

report at time t5, the transmitter knows that PDUs up to n+2 have been received cor-

rectly and the transmission window is advanced. The missing PDUs n+3 and n+4 are

retransmitted and, this time, correctly received.

Finally, at time t6, all PDUs, including the retransmissions, have been delivered by the

transmitter and successfully received. As n+5was the last PDU in the transmission buffer,

the transmitter requests a status report from the receiver by setting a flag in the header of

the last RLC data PDU. Upon reception of the PDU with the flag set, the receiver will

respond by transmitting the requested status report, acknowledging all PDUs up to and

including n+5. Reception of the status report by the transmitter causes all the PDUs to

be declared as correctly received and the transmission window is advanced.

Status reports can, as mentioned earlier, be triggered for multiple reasons. However,

to control the amount of status reports and to avoid flooding the return link with an

excessive number of status reports, it is possible to use a status prohibit timer. With such

a timer, status reports cannot be transmitted more often than once per time interval as

determined by the timer.

The example basically assumed each PDU carrying a non-segmented SDU. Segmented

SDUs are handled the same way, but an SDU cannot be delivered to the PDCP protocol

until all the segments have been received. Status reports and retransmissions operate on

individual segments; only the missing segment of a PDU needs to be retransmitted.

In the case of a retransmission, all RLC PDUs may not fit into the transport block size

scheduled for the RLC retransmission. Resegmentation following the same principle as

the original segmentation is used in this case.
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Fig. 13.11 Retransmission of missing PDUs.

https://t.me/learningnets



13.3 PDCP

The Packet Data Convergence Protocol (PDCP) is responsible for

• Header compression;

• Ciphering and integrity protection;

• Routing and duplication for split bearers; and

• Retransmission, reordering, and SDU discard.

Header compression, with the corresponding decompression functionality at the receiver

side, can be configured and serves the purpose of reducing the number of bits transmitted

over the radio interface. Especially for small payloads, such as voice-over-IP and TCP

acknowledgments, the size of an uncompressed IP header is in the same range as the pay-

load itself, 40 bytes for IP v4 and 60 bytes for IP v6, and can account for around 60% of

the total number of bits sent. Compressing this header to a couple of bytes can therefore

increase the spectral efficiency by a large amount. The header compression scheme in

NR is based on Robust Header Compression (ROHC) [36], a standardized header-

compression framework also used for several other mobile-communication technologies.

Multiple compression algorithms, denoted profiles, are defined, each specific to the par-

ticular network layer and transport layer protocol combination such as TCP/IP and

RTP/UDP/IP. Header compression is developed to compress IP packets. Hence it is

applied to the data part only and not the SDAP header (if present).

Integrity protection ensures that the data originate from the correct source and

ciphering protects against eavesdropping. PDCP is responsible for both these functions,

if configured. Integrity protection and ciphering are used for both the data plane and

the control plane and applied to the payload only and not the PDCP control PDUs or

SDAP headers.

For dual connectivity and split bearers (see Chapter 6 for a more in-depth discussion

on dual connectivity), PDCP can provide routing and duplication functionality. With

dual connectivity, some of the radio bearers are handled by the master cell group while

others are handled by the secondary cell group. There is also a possibility to split a bearer

across both cell groups. The routing functionality of the PDCP is responsible for routing

the data flows for the different bearers to the correct cell groups, as well as handling flow

control between the central unit (gNB-CU) and distributed unit (gNB-DU) in the case

of a split gNB.

Duplication implies that the same data can be transmitted on two separate logical

channels where configuration ensures that the two logical channels are mapped to

different carriers. This can be used in combination with carrier aggregation or dual

connectivity to provide additional diversity. If multiple carriers are used to transmit

the same data, the likelihood that reception of the data on at least one carrier is correct

increases. If multiple copies of the same SDU are received, the receiving-side PDCP
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discards the duplicates. This results in selection diversity which can be essential to pro-

viding very high reliability. For the downlink, transmitter-side duplication is up to the

implementation, while for the uplink explicit support in the specifications is needed.

Duplication of up to two copies can be configured in release 15, a number that is increase

to four in release 16 (see Chapter 21).

Retransmission functionality, including the possibility for reordering to ensure in-

sequence delivery, is also part of the PDCP. A relevant question is why the PDCP is capa-

ble of retransmissions when there are two other retransmission functions in lower layers,

the RLC ARQ and the MAC hybrid-ARQ functions. One reason is inter-gNB hand-

over. Upon handover, undelivered downlink data packets will be forwarded by the

PDCP from the old gNB to the new gNB. In this case, a new RLC entity (and hybrid-

ARQ entity) is established in the new gNB and the RLC status is lost. The PDCP

retransmission functionality ensures that no packets are lost as a result of this handover.

In the uplink, the PDCP entity in the device will handle retransmission of all uplink

packets not yet delivered to the gNB as the hybrid-ARQ buffers are flushed upon

handover.

In-sequence delivery is not ensured by the RLC to reduce the overall latency. In

many cases, rapid delivery of the packets is more important than guaranteed in-sequence

delivery. However, if in-sequence delivery is important, the PDCP can be configured to

provide this.

Retransmission and in-sequence delivery, if configured, are jointly handled in the

same protocol, which operates similarly to the RLC ARQ protocol except that no seg-

mentation is supported. A so-called count value is associated with each SDU, where the

count is a combination of the PDCP sequence number and the hyper-frame number.

The count value is used to identify lost SDUs and request retransmission, as well as reor-

der received SDUs before delivery to upper layers if reordering is configured. Reordering

basically buffers a received SDU and does not forward it to higher layers until all lower-

numbered SDUs have been delivered. Referring to Fig. 13.10, this would be similar to

not delivering SDU n+2 until n+1 has been successfully received and delivered. There is

also a possibility to configure a discard timer for each PDCP SDU; when the timer

expires the corresponding SDU is discarded and not transmitted.
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CHAPTER 14

Scheduling

NR is essentially a scheduled system, implying that the scheduler determines when and to

which devices the time, frequency, and spatial resources should be assigned and what

transmission parameters, including data rate, to use. Scheduling can be either dynamic

or semi-static. Dynamic scheduling is the basic mode-of-operation where the scheduler

for each time interval, for example a slot, determines which devices are to transmit and

receive. Since scheduling decisions are taken frequently, it is possible to follow rapid var-

iations in the traffic demand and radio-channel quality, thereby efficiently exploiting the

available resources. Semi-static scheduling implies that the transmission parameters are

provided to the devices in advance and not on a dynamic basis.

In the following, dynamic downlink and uplink scheduling will be discussed, fol-

lowed by a discussion on non-dynamic scheduling and finally a discussion on power-

saving mechanism related to scheduling.

14.1 Dynamic downlink scheduling

Fluctuations in the received signal quality due to small-scale as well as large-scale varia-

tions in the environment are an inherent part in any wireless communication system.

Historically, such variations were seen as a problem, but the development of channel-

dependent scheduling, where transmissions to an individual device take place when the

radio-channel conditions are favorable, allows these variations to be exploited. Given

a sufficient number of devices in the cell having data to transfer, there is a high likelihood

of at least some devices having favorable channel conditions at each point in time and able

to use a correspondingly high data rate. The gain obtained by transmitting to users with

favorable radio-link conditions is commonly known as multiuser diversity. The larger the

channel variations and the larger the number of users in a cell, the larger the multiuser

diversity gain. Channel-dependent scheduling was introduced in the later versions of the

3G standard known as HSPA [19] and is also used in LTE [26] as well as NR.

There is a rich literature in the field of scheduling and how to exploit variations in the

time and frequency domains (see for example [26] and the references therein). Lately,

there has also been a large interest in various massive multiuser MIMO schemes [53]

where a large number of antenna elements are used to create very narrow “beams”,

or, expressed differently, isolate the different users in the spatial domain. It can be shown

that, under certain conditions, the use of a large number of antennas results in an effect
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known as “channel hardening”. In essence, the rapid fluctuations of the radio-channel

quality disappear, simplifying the time-frequency part of the scheduling problem at

the cost of a more complicated handling of the spatial domain.

In NR, the downlink scheduler is responsible for dynamically controlling the device(s)

to transmit to. Each of the scheduled devices is provided with a scheduling assignment

including information on the set of time-frequency resources upon which the device’s

DL-SCHa is transmitted, the modulation-and-coding scheme, hybrid-ARQ-related

information and multiantenna parameters as outlined in Chapter 10. In most cases the

scheduling assignment is transmitted just before the data on the PDSCH, but the timing

information in the scheduling assignment can also schedule in OFDM symbols later in

the slot or in later slots. One use for this is bandwidth adaptation as discussed below.

Changing the bandwidth part may take some time and hence data transmission may

not occur in the same slot as the control signaling was received in.

It is important to understand that NR does not standardize the scheduling behavior.

Only a set of supporting mechanisms are standardized on top of which a vendor-specific

scheduling strategy is implemented. The information needed by the scheduler depends

on the specific scheduling strategy implemented, but most schedulers need information

about at least:

• Channel conditions at the device, including spatial-domain properties;

• Buffer status of the different data flows; and

• Priorities of the different data flows, including the amount of data pending

retransmission.

Additionally, the interference situation in neighboring cells can be useful if some form of

interference coordination is implemented.

Information about the channel conditions at the device can be obtained in several

ways. In principle, the gNB can use any information available, but typically the CSI

reports from the device are used as discussed in Section 8.1. There is a wide range of

CSI reports that can be configured where the device reports the channel quality in

the time, frequency, and spatial domains. The amount of correlation between the spatial

channels to different devices is also of interest to be able to estimate the degree of spatial

isolation between two devices in the case they are candidates for being scheduled on the

same time-frequency resources using multiuser MIMO. Uplink sounding using SRS

transmission can, together with assumptions on channel reciprocity, also be used to assess

the downlink channel quality. Various other quantities can be used as well, for example

signal-strength measurements for different beam candidates.

The buffer status and traffic priorities are easily obtained in the downlink case as the

scheduler and the transmission buffers reside in the same node. Prioritization of different

a In case of carrier aggregation there is one DL-SCH (or UL-SCH) per component carrier.
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traffic flows is purely implementation-specific, but retransmissions are typically priori-

tized over transmission of new data, at least for data flows of the same priority. Given

that NR is designed to handle a much wider range of traffic types and applications than

previous technologies such as LTE, priority handling in the scheduler can in many cases

be evenmore emphasized than in the past. In addition to selecting data from different data

flows, the scheduler also has the possibility to select the transmission duration. For exam-

ple, for a latency-critical service with its data mapped to a certain logical channel, it may

be advantageous to select a transmission duration corresponding to a fraction of a slot,

while for another service on another logical channel, a more traditional approach of using

the full slot duration for transmissionmight be a better choice. It may also be the case that,

for latency reasons and shortage of resources, an urgent transmission using a small number

of OFDM symbols needs to preempt an already ongoing transmission using the full slot.

In this case, the preempted transmission is likely to be corrupted and require a retrans-

mission, but this may be acceptable given the very high priority of the low-latency trans-

mission. There are also some mechanisms in NR which can be used to mitigate the

impact on the preempted transmission as discussed in Section 14.1.2.

Different downlink schedulers may coordinate their decisions to increase the overall

performance, for example by avoiding transmission on a certain frequency range in one

cell to reduce the interference toward another cell. In the case of (dynamic) TDD, the

different cells can also coordinate the transmission direction, uplink or downlink,

between the cells to avoid detrimental interference situations. Such coordination can take

place on different time scales. Typically, the coordination is done at a slower rate than the

scheduling decisions in each cell as the requirements on the backhaul connecting differ-

ent gNBs otherwise would be too high.

14.1.1 Carrier aggregation
In the case of carrier aggregation, the scheduling decisions are taken per carrier and the

scheduling assignments are transmitted separately for each carrier, that is, a device sched-

uled to receive data from multiple carriers simultaneously receives multiple PDCCHs.

A PDCCH received can either point to the same carrier, known as self-scheduling,

or to another carrier, commonly referred to as cross-carrier scheduling (see Fig. 14.1).

PCell SCell

Self-scheduling Cross-carrier scheduling

grantgrant

PCell SCell

Fig. 14.1 Self scheduling and cross-carrier scheduling.
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In the case of cross-carrier scheduling of a carrier with a different numerology than

the one upon which the PDCCH was transmitted, timing offsets in the scheduling

assignment, for example, which slot the assignment relates to, are interpreted in the

PDSCH numerology (and not the PDCCH numerology). In release 17, it is possible

to schedule multiple subsequent PDSCH transmissions on the same carrier using a

single DCI. This is useful to reduce overhead as well as to enable continuous

PDSCH transmission even in cases when the PDCCH is not monitored in every slot,

which can be the case in FR2-2. The same release also saw refinements to the carrier

aggregation framework with the possibility to use cross-carrier scheduling from an

SCell to schedule PCell transmissions, something that was previously not possible.

The background to this enhancement is the relatively common scenario with aggre-

gation of a PCell on a lower frequency band with good coverage but modest trans-

mission bandwidth with an SCell on a higher frequency band and hence less good

coverage but a relatively large carrier bandwidth. If cross-carrier scheduling is

possible only from the PCell, there is a risk of running out of PDCCH resources

given the relatively small bandwidth available on the low-frequency PCell. By

allowing cross-carrier scheduling also from the SCell this risk is reduced. Self-

scheduling on the PCell is still possible in case of coverage problems on the high

frequency band.

Further enhancement to scheduling of multiple carriers are introduced in release 18.

Groups of up to four carriers can be configured and combinations of carriers in this group

can be scheduled using a single DCI message. Compared to prior releases, where one

DCI per carrier is used, this can reduce the control signaling overhead, especially in sce-

narios with fragmented spectrum allocations where multiple carriers need to be aggre-

gated. Resource allocation, multi-antenna information and hybrid-ARQ parameters

are provided per carrier, while some of the other pieces of information such as PUCCH-

related information, bandwidth part indication, and channel-access type in unlicensed

spectra are common to all the co-scheduled carriers.

The scheduling decisions for the different carriers are not taken in isolation. Rather,

the scheduling of the different carriers for a given device needs to be coordinated. For

example, if a certain piece of data is scheduled for transmission on one carrier, the same

piece of data should normally not be scheduled on another carrier as well. However, it is

in principle possible to schedule the same data on multiple carriers. This can be used to

increase reliability; with multiple carriers transmitting the same data the likelihood of suc-

cessful reception is increased. At the receiver theRLC (or PDCP) layer can be configured

to remove duplicates in case the same data are successfully received on multiple carriers.

In the downlink, duplication at the transmitter side is an implementation choice while

specification support is required in the uplink. Chapter 21 discusses the release 16

enhancements in this area.
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14.1.2 Downlink pre-emption handling
Dynamic scheduling implies, as discussed, that a scheduling decision is taken for each

time interval. In many cases the time interval is equal to a slot, that is, the scheduling

decisions are taken once per slot. The duration of a slot depends on the subcarrier spacing;

a higher subcarrier spacing leads to a shorter slot duration. In principle this could be used

to support lower-latency transmission, but as the cyclic prefix also shrinks when increas-

ing the subcarrier spacing, it is not a feasible approach in all deployments. Therefore, as

discussed in Section 7.2, NR supports a more efficient approach to low latency by allow-

ing for transmission over a fraction of a slot, starting at any OFDM symbol. This allows

for very low latency without sacrificing robustness to time dispersion.

In Fig. 14.2, an example of this is illustrated. Device A has been scheduled with a

downlink transmission spanning one slot. During the transmission to device A, latency-

critical data for device B arrives to the gNB, which immediately scheduled a transmission

to device B. Typically, if there are frequency resources available, the transmission to

device B is scheduled using resources not overlapping with the ongoing transmission

to device A. However, in the case of a high load in the network, this may not be possible

and there is no choice but to use (some of) the resources originally intended for device

A for the latency-critical transmission to device B. This is sometimes referred to as the

transmission to device B preempting the transmission to device A, which obviously will

suffer an impact as a consequence of some of the resources device A assumes contains data

for it suddenly containing data for device B.

There are several possibilities to handle this in NR. One approach is to rely on

hybrid-ARQ retransmissions. Device A will not be able to decode the data due to

the resources being preempted and will consequently report a negative acknowledgment

to the gNB, which can retransmit the data at a later time instant. Either the complete

Device B
(not preempting A)

Device A
Device B

(preempting A)

0 0 0 0 1 0 0

0 1 0 0 1 0 0
Preemption indicator (00100000110000) indicating 
the resources that has been preempted

Upon receiving the preemption indicator,
device A should flush this part of the soft buffer

one slot

Fig. 14.2 Downlink preemption indication.
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transport block is retransmitted, or CBG-based retransmission is used to retransmit only

the impacted codeblock groups as discussed in Section 13.1.

There is also a possibility to indicate to device A that some of its resources have been

preempted and used for other purposes. This is done by transmitting a preemption indicator

to device A in a slot after the slot containing the data transmission. The preemption indi-

cator uses DCI format 2_1 (see Chapter 10 for details on different DCI formats) and con-

tains a bitmap of 14 bits for each of the configured cells. Interpretation of the bitmap is

configurable such that each bit represents one OFDM symbol in the time domain and the

full bandwidth part, or twoOFDM symbols in the time domain and one half of the band-

width part. Furthermore, the monitoring periodicity of the preemption indicator is con-

figured in the device, for example, every n:th slot.

The behavior of the device when receiving the preemption indicator is not specified,

but a reasonable behavior could be to flush the part of the soft buffer which corresponds

to the preempted time-frequency region to avoid soft-buffer corruption for future

retransmissions. From a soft-buffer handling perspective in the device, the more frequent

the monitoring of the preemption indicator, the better (ideally, it should come imme-

diately after the preemption occurred).

Uplink preemption, where one device needs to use uplink resources originally

intended for another device, is discussed in Chapter 21, including the relevant enhance-

ments part of release 16.

14.2 Dynamic uplink scheduling

The basic function of the uplink scheduler in the case of dynamic scheduling is similar to its

downlink counterpart, namely to dynamically control which devices are to transmit, on

which uplink resources, and with what transmission parameters.

The general downlink scheduling discussion is applicable to the uplink as well. How-

ever, there are some fundamental differences between the two. For example, the uplink

power resource is distributed among the devices, while in the downlink the power

resource is centralized within the base station. Furthermore, the maximum uplink trans-

mission power of a single device is often significantly lower than the output power of a

base station. This has a significant impact on the scheduling strategy. Even in the case of a

large amount of uplink data to transmit there might not be sufficient power available – the
uplink is basically power limited and not bandwidth limited, while in the downlink the

situation can typically be the opposite. Hence, uplink scheduling typically results in a

larger degree of frequency multiplexing of different devices than in the downlink.

Each scheduled device is provided with a scheduling grant indicating the set of time/

frequency/spatial resources to use for the UL-SCH as well as the associated transport for-

mat. Uplink data transmissions only take place in the case that the device has a valid grant.

Without a grant, no data can be transmitted.
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The uplink scheduler is in complete control of the transport format the device shall

use, that is, the device has to follow the scheduling grant. The only exception is that the

device will not transmit anything, regardless of the grant, if there is no data in the trans-

mission buffer. This reduces the overall interference by avoiding unnecessary transmis-

sions in the case that the network scheduled a device with no data pending transmission.

Logical channel multiplexing is controlled by the device according to a set of rules (see

Section 14.2.1) configured by the network. Thus, the scheduling grant does not explic-

itly schedule a certain logical channel but rather the device as such – uplink scheduling is
primarily per device and not per radio bearer (although the priority handling mechanism

discussed below in principle can be configured to obtain scheduling per radio bearer).

Uplink scheduling is illustrated in the right part of Fig. 14.3, where the scheduler controls

the transport format and the device controls the logical channel multiplexing. This allows

the scheduler to tightly control the uplink activity to maximize the resource usage com-

pared to schemes where the device autonomously selects the data rate, as autonomous

schemes typically require some margin in the scheduling decisions. A consequence of

the scheduler being responsible for selection of the transport format is that accurate

and detailed knowledge about the device situation with respect to buffer status and power

availability is accentuated compared to schemes where the device autonomously controls

the transmission parameters.

The time during which the device should transmit in the uplink is indicated as part

of the DCI as described in Section 10.1.11. Unlike in the downlink case, where the

scheduling assignment typically is transmitted close in time to the data, this is not

necessarily the case in the uplink. Since the grant is transmitted using downlink control
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Fig. 14.3 Downlink and uplink scheduling in NR.
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signaling, a half-duplex device needs to change the transmission direction before trans-

mitting in the uplink. Furthermore, depending on the uplink-downlink allocation, mul-

tiple uplink slots may need to be scheduled using multiple grants transmitted at the same

downlink occasion.b Hence, the timing field in the uplink grant is important.

The device also needs a certain amount of time to prepare for the transmission as out-

lined in Fig. 14.4. From an overall performance perspective, the shorter the time the bet-

ter. However, from a device complexity perspective the processing time cannot be made

arbitrarily short. In LTE, more than 3ms was provided for the device to prepare the

uplink transmission. For NR, a more latency-focused design, for example the updated

MAC and RLC header structure, as well as technology development in general has con-

siderably reduced this time. The delay from the reception of a grant to the transmission of

uplink data is summarized in Table 14.1. As seen from these numbers, the processing time

depends on the subcarrier spacing although it is not purely scaled in proportion to the

subcarrier spacing. It is also seen that two device capabilities are specified. All devices

need to fulfill the baseline requirements, but a device may also declare whether it is capa-

ble of a more aggressive processing time line which can be useful in latency-critical

applications.

Similar to the downlink case, the uplink scheduler can benefit from information on

channel conditions, buffer status, and power availability. However, the transmission

buffers reside in the device, as does the power amplifier. This calls for the reporting

mechanisms described later to provide the information to the scheduler, unlike the

downlink case where the scheduler, power amplifier, and transmission buffers all are

in the same node. Uplink priority handling is, as already touched upon, another area

where uplink and downlink scheduling differ.

14.2.1 Uplink priority handling and logical-channel multiplexing
Multiple logical channels of different priorities can bemultiplexed into the same transport

block using the MAC multiplexing functionality. Except for the case when the uplink

scheduling grant provides resources sufficient to transmit all data on all logical channels,

offset = 1  offset = 2 offset = 1  offset = 1  

Half-duplex operation (TDD) Full-duplex operation (FDD)

minimum processing time

DL

UL

Fig. 14.4 Example of uplink scheduling into future slots.

b In release 16 it is possible to schedule multiple uplink transmissions using one grant as part of the extensions

to unlicensed spectra, see Chapter 20.
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the multiplexing needs to prioritize between the logical channels. However, unlike the

downlink case, where the prioritization is up to the scheduler implementation, the uplink

multiplexing is done according to a set of well-defined rules in the device with parameters

set by the network. The reason for this is that a scheduling grant applies to a specific

uplink carrier of a device, not explicitly to a specific logical channel within the carrier.

A simple approach would be to serve the logical channels in strict priority order.

However, this could result in starvation of lower-priority channels – all resources would
go to the high-priority channel until the buffer is empty. Typically, an operator would

instead like to provide at least some throughput for low-priority services as well. Further-

more, as NR is designed to handle a mix of a wide range of traffic types, a more elaborate

scheme is needed. For example, traffic due to a file upload should not necessarily exploit a

grant intended for a latency-critical service.

The starvation problem could in principle be mitigated by assigning a “guaranteed”

data rate to each channel. The logical channels are then served in decreasing priority

order up to their guaranteed data rate, which avoids starvation as long as the scheduled

data rate is at least as large as the sum of the guaranteed data rates.c Beyond the guaranteed

data rates, channels are served in strict priority order until the grant is fully exploited, or

the buffer is empty.

Given the large flexibility of NR in terms of different transmission durations and a

wide range of traffic types supported, NR uses a refined version of this principle. One

possibility would be to define different profiles, each outlining an allowed combination

of logical channels, and explicitly signal the profile to use in the grant. However, in NR

the profile to use is implicitly derived from other information available in the grant rather

than explicitly signaled.

Upon reception of an uplink grant, two steps are performed. First, the device deter-

mines which logical channels are eligible for multiplexing using this grant. Second, the

device determines the fraction of the resources that should be given to each of the logical

channels.

The first step determines the logical channels fromwhich data can be transmitted with

the given grant. This can be seen as an implicitly derived profile. For each logical channel,

the device can be configured with:

Table 14.1 Minimum processing time in OFDM symbols from grant reception to data transmission.

Device capability

Subcarrier spacing

LTE rel 815kHz 30kHz 60kHz 120kHz

Baseline 0.71ms 0.43ms 0.41ms 0.32ms 3ms

Aggressive 0.18–0.39ms 0.08–0.2 ms

c This is the approach taken in LTE.
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• The set of allowed subcarrier spacings this logical channel is allowed to use;

• The maximum PUSCH duration which is possible to schedule for this logical

channel; and

• The set of serving cells, that is, the set of uplink component carriers the logical channel

is allowed to be transmitted upon.

Additionally, in release 16 it is also possible to dynamically signal the priority of an uplink

transmission – ‘normal’ or ‘high’ – as discussed in Chapter 21.

Only the logical channels for which the scheduling grant meets the restrictions con-

figured may use the grant, that is, are eligible for multiplexing at this particular time

instant. In addition, the logical channel multiplexing can also be restricted for uplink

transmissions using a configured grant such that not all logical channels are allowed to

use a configured grant.

Coupling the multiplexing rule to the PUSCH duration is in 3GPP motivated by the

possibility to control whether latency-critical data should be allowed to exploit a grant

intended for less time-critical data.

As an example, assume there are two data flows, each on a different logical channel.

One logical channel carries latency-critical data and is given a high priority, while the

other logical channel carries non-latency-critical data and is given a low priority. The

gNB takes scheduling decisions based on, among other aspects, information about the

buffer status in the device provided by the device. Assume that the gNB scheduled a rel-

atively long PUSCH duration based on information that there is only non-time-critical

information in the buffers. During the reception of the scheduling grant, time-critical

information arrives to the device. Without the restriction on the maximum PUSCH

duration, the device would transmit the latency-critical data, possibly multiplexed with

other data, over a relatively long transmission duration and potentially not meeting the

latency requirements set up for the particular service. Instead, a better approach would be

to separately request a transmission using a short PUSCH duration for the latency critical

data, something which is possible by configuring the maximum PUSCH duration appro-

priately. Since the logical channel carrying the latency-critical traffic has been configured

with a higher priority than the channel carrying the non-latency-critical service, the non-

critical service will not block transmission of the latency-critical data during the short

PUSCH duration.

The reason to also include the subcarrier spacing is similar to the duration. In the case

of multiple subcarrier spacings configured for a single device, a lower subcarrier spacing

implies a longer slot duration and the reasoning above can also be applied in this case.

Restricting the uplink carriers allowed for a certain logical channel is motivated by the

possibly different propagation conditions for different carriers and by dual connectivity.

Two uplink carriers at vastly different carrier frequencies can have different reliability. Data

which are critical to receive might be better to transmit on a lower carrier frequency to
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ensure good coverage, while less sensitive data can be transmitted on a carrier with a higher

carrier frequency and possibly spottier coverage. Another motivation is duplication, that is,

the same data transmitted on multiple logical channels, to obtain diversity as mentioned in

Section 6.4.2. If both logical channels would be transmitted on the same uplink carrier, the

original motivation for duplication – to obtain a diversity effect – would be gone. Uplink

duplication has been further extended in release 16, see Chapter 21 for details.

At this point in the process, the set of logical channels from which data are allowed to

be transmitted given the current grant is established, based on the mapping-related

parameters configured.Multiplexing of the different logical channels also needs to answer

the question of how to distribute resources between the logical channels having data to

transmit and eligible for transmission. This is done based on a set of priority-related

parameters configured for each local channel:

• Priority;

• Prioritized bit rate (PBR); and

• Bucket size duration (BSD).

The prioritized bit rate and the bucket size duration together defines a guaranteed bit rate

as discussed above but can account for the different transmission durations possible in

NR. The product of the prioritized bit rate and the bucket size duration is in essence

a bucket of bits that as a minimum should be transmitted for the given logical channel

during a certain time. At each transmission instant, the logical channels are served in

decreasing priority order, while trying to fulfill the requirement on the minimum num-

ber of bits to transmit. Excess capacity when all the logical channels are served up to the

bucket size is distributed in strict priority order.

Priority handling and logical channel multiplexing are illustrated in Fig. 14.5.

14.2.2 Scheduling request
The uplink scheduler needs knowledge of devices with data to transmit and that therefore

need to be scheduled. There is no need to provide uplink resources to a device with no

data to transmit. Hence, as a minimum, the scheduler needs to know whether the device

has data to transmit and should be given a grant. This is known as a scheduling request.

Scheduling requests are used for devices not having a valid scheduling grant; devices that

have a valid grant provide more detailed scheduling information to the gNB as discussed

in the next section.

A scheduling request is a flag, raised by the device to request uplink resources from the

uplink scheduler. Since the device requesting resources by definition has no PUSCH

resource, the scheduling request is transmitted on the PUCCH using preconfigured

and periodically reoccurring PUCCH resources dedicated to the device. With a dedi-

cated scheduling-request mechanism, there is no need to provide the identity of the

device requesting to be scheduled as the identity is implicitly known from the resources
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Logical channels in decreasing priority order

0.25 ms 0.25 ms 0.5 ms 0.5 ms

PUSCH duration of 0.25 ms scheduled

Buffer level

Prioritized bit rate

Different
levels of
granted 
rate

Guaranteed 
bit rate

Additional
resources

PUSCH duration of 0.5 ms scheduledMaximum PUSCH duration allowed

Logical channels to be multiplexed Result after logical-channel multiplexing for different
combinations of granted rate and scheduled PUSCH duration

Fig. 14.5 Example of logical channel prioritization for four different scheduled data rates and two different PUSCH durations.
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upon which the request is transmitted.When data with higher priority than already exist-

ing in the transmit buffers arrive at the device and the device has no grant and hence

cannot transmit the data, the device transmits a scheduling request at the next possible

instant and the gNB can assign a grant to the device upon reception of the request

(see Fig. 14.6).

In NR, multiple scheduling requests from a single device can be configured. A logical

channel can be mapped to zero or more scheduling request configurations. This provides

the gNB not only with information that there are data awaiting transmission in the

device, but also what type of data are awaiting transmission. This is useful information

for the gNB given the wide range of traffic types theNR is designed to handle. For exam-

ple, the gNB may want to schedule a device for transmission of latency-critical informa-

tion but not for non-latency-critical information.

Each device can be assigned dedicated PUCCH scheduling request resources with a

periodicity ranging from every second OFDM symbol to support very latency-critical

services up to every 80 ms for low overhead. Only one scheduling request can be trans-

mitted at a given time, that is, in the case of multiple logical channels having data to trans-

mit a reasonable behavior is to trigger the scheduling request corresponding to the

highest-priority logical channel. A scheduling request is repeated in subsequent

resources, up to a configurable limit, until a grant is received from the gNB. It is also

possible to configure a prohibit timer, controlling how often a scheduling request can

be transmitted. In the case of multiple scheduling-request resources in a device, both

of these configurations are done per scheduling request resource.

A device which has not been configured with scheduling request resources relies on

the random-access mechanism to request resources. This can be used to create a

contention-based mechanism for requesting resources. One could even consider trans-

mitting small amounts of data as part of the random-access procedure, an approach that is

taken in the SDT enhancement in release 17 as described in Chapter 22. Basically,

contention-based designs are suitable for situations where there are a large number of

devices in the cell and the traffic intensity, and hence the scheduling intensity, is low.

In the case of higher traffic intensities, it is beneficial to set up at least one scheduling

request resource for the device.

Data arrives for LCH y

SR transmitted SR transmitted again 
as no grant was received

Uplink grant received

UL-SCH transmitted

SR opportunities for LCH x

SR opportunities for LCH y

Fig. 14.6 Example of scheduling request operation.
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14.2.3 Buffer status reports
Devices that already have a valid grant do not need to request uplink resources. However,

to allow the scheduler to determine the amount of resources to grant to each device in the

future, information about the buffer situation, discussed in this section, and the power

availability, discussed in the next section, is useful. This information is provided to

the scheduler as part of the uplink transmission through MAC control elements (see

Section 6.4.4.1 for a discussion on MAC control elements and the general structure

of a MAC header). The LCID field in one of the MAC subheaders is set to a reserved

value indicating the presence of a buffer status report, as illustrated in Fig. 14.7.

From a scheduling perspective, buffer information for each logical channel is bene-

ficial, although this could result in a significant overhead. Logical channels are therefore

grouped into up to eight logical-channel groups and the reporting is done per group. The

buffer-size field in a buffer-status report indicates the amount of data awaiting transmis-

sion across all logical channels in a logical-channel group. Four different formats for buffer

status reports are defined, differing in how many logical-channel groups are included in

one report and the resolution of the buffer status report. A buffer-status report can be

triggered for the following reasons:

• Arrival of data with higher priority than currently in the transmission buffer – that is,

data in a logical-channel group with higher priority than the one currently being trans-

mitted – as this may impact the scheduling decision.

• Periodically as controlled by a timer.

• Instead of padding. If the amount of padding required to match the scheduled trans-

port block size is larger than a buffer-status report, a buffer-status report is inserted as it

is better to exploit the available payload for useful scheduling information instead of

padding if possible.

H HMAC SDU nH H MAC SDU n+1 Padding

R F LCID Buffer status

Reserved

Logical channel identifier = buffer status

MAC PDU (=transport block)

H MAC-CE H MAC-CE

R F LCID Power headroom

Reserved

Logical channel identifier = power headroom

L L

Fig. 14.7 MAC control elements for buffer status reporting and power headroom reports.
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14.2.4 Power headroom reports
In addition to buffer status, the amount of transmission power available in each device is

also relevant for the uplink scheduler. There is little reason to schedule a higher data rate

than the available transmission power can support. In the downlink, the available power

is immediately known to the scheduler as the power amplifier is in the same node as the

scheduler. For the uplink, the power availability, or power headroom, needs to be provided

to the gNB. Power headroom reports are therefore transmitted from the device to the

gNB in a similar way as the buffer-status reports – that is, only when the device is sched-
uled to transmit on the UL-SCH. A power headroom report can be triggered for the

following reasons:

• Periodically as controlled by a timer;

• Change in path loss (the pathloss difference relative to the time of the last power head-

room report is larger than a configurable threshold);

• Instead of padding (for the same reason as buffer-status reports).

It is also possible to configure a prohibit timer to control the minimum time between two

power-headroom reports and thereby the signaling load on the uplink.

There are three different types of power-headroom reports defined in NR, Type 1,

Type 2, and Type 3. In the case of carrier aggregation or dual connectivity, multiple

power headroom reports can be contained in a single message (MAC control element).

Type-1 power headroom reporting reflects the power headroom assuming PUSCH-

only transmission on the carrier. It is valid for a certain component carrier, assuming that

the device was scheduled for PUSCH transmission during a certain duration, and

includes the power headroom and the corresponding value of the maximum per-carrier

transmit power for component carrier c, denoted PCMAX,c. The value of PCMAX,c is explic-

itly configured and should hence be known to the gNB, but since it can be separately

configured for a normal uplink carrier and a supplementary uplink carrier, both belong-

ing to the same cell (that is, having the same associated downlink component carrier), the

gNB needs to know which value the device used and hence which carrier the report

belongs to.

It can be noted that the power headroom is not a measure of the difference between

the maximum per-carrier transmit power and the actual carrier transmit power. Rather,

the power headroom is a measure of the difference between PCMAX,c and the transmit

power that would have been used assuming that there would have been no upper limit on the

transmit power (see Fig. 14.8). Thus, the power headroom can very well be negative, indi-

cating that the per-carrier transmit power was limited by PCMAX,c at the time of the

power headroom reporting – that is, the network has scheduled a higher data rate than

the device can support given the available transmission power. As the network knows

what modulation-and-coding scheme and resource size the device used for transmission

347Scheduling

https://t.me/learningnets



in the time duration to which the power-headroom report corresponds, it can determine

the valid combinations of modulation-and-coding scheme and resource size allocation,

assuming that the downlink path loss is constant.

Type-1 power headroom can also be reported when there is no actual PUSCH trans-

mission. This can be seen as the power headroom assuming a default transmission con-

figuration corresponding to the minimum possible resource assignment.

Type-2 power headroom reporting is similar to type 1, but assumes simultaneous

PUSCH and PUCCH reporting, a feature that is not fully supported in the NR speci-

fications but planned for finalization in later releases.

Type-3 power headroom reporting is used to handle SRS switching, that is, SRS

transmissions on an uplink carrier where the device is not configured to transmit

PUSCH. The intention with this report is to be able to evaluate the uplink quality of

alternative uplink carries and, if deemed advantageous, (re)configure the device to use

this carrier for uplink transmission instead.

Compared to power control, which can operate different power-control processes for

different beam-pair links (see Chapter 15), the power-headroom report is per carrier and

does not explicitly take beam-based operation into account. One reason is that the net-

work is in control of the beams used for transmission and hence can determine the beam

arrangement corresponding to a certain power-headroom report.

PCMAX

PPUSCH

PHR

PHR

PUSCH transmission 
not exceeding PCMAX

PUSCH transmission 
exceeding PCMAX

PPUSCH

Fig. 14.8 Illustration of power headroom reports.
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14.3 Scheduling and dynamic TDD

One of the key features of NR is the support for dynamic TDD where the scheduler

dynamically determines the transmission direction. Although the description uses the

term dynamic TDD, the framework can in principle be applied to half-duplex operation

in general, including half-duplex FDD. Since a half-duplex device cannot transmit and

receive simultaneously, there is a need to split the resources between the two directions.

As mentioned in Chapter 7, three different signaling mechanisms can provide informa-

tion to the device on whether the resources are used for uplink or downlink transmission:

• Dynamic signaling for the scheduled device;

• Semi-static signaling using RRC; and

• Dynamic slot-format indication shared by a group of devices, primarily intended for

non-scheduled devices.

The scheduler is responsible for the dynamic signaling for the scheduled device, that is,

the first of the three bullets above.

In the case of a device capable of full-duplex operation, the scheduler can schedule

uplink and downlink independent of each other and there is limited, if any, need for the

uplink and downlink scheduler to coordinate their decisions.

In the case of a half-duplex device, on the other hand, it is up to the scheduler to

ensure that a half-duplex device is not requested to simultaneously receive and transmit.

If a semi-static uplink-downlink pattern has been configured, the schedulers obviously

need to obey this pattern as well as it cannot, for example, schedule an uplink transmission

in a slot configured for downlink usage only.

14.4 Transmissions without a dynamic grant – semi-persistent
scheduling and configured grants

Dynamic scheduling, as described above, is the main mode of operation in NR. For each

transmission interval, for example a slot, the scheduler uses control signaling to instruct

the device to transmit or receive. It is flexible and can adopt to rapid variations in the

traffic behavior, but obviously requires associated control signaling; control signaling that

in some situations it is desirable to avoid. NR therefore also supports transmission

schemes not relying on dynamic grants.

In the downlink, semi-persistent scheduling is supported where the device is configured

with a periodicity of the data transmissions using RRC signaling. Activation of semi-

persistent scheduling is done using the PDCCH as for dynamic scheduling but with

the CS-RNTI instead of the normal C-RNTI.d The PDCCH also carries the necessary

d Each device has two identities, the “normal” C-RNTI for dynamic scheduling and the CS-RNTI for

activation/deactivation of semi-persistent scheduling.
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information in terms of time-frequency resources and other parameters needed in a sim-

ilar way as dynamic scheduling. The hybrid-ARQ process number is derived from the

time when the downlink data transmission starts according to a formula. Upon activation

of semi-persistent scheduling, the device receives downlink data transmission periodi-

cally according to the RRC-configured periodicity using the transmission parameters

indicated on the PDCCH activating the transmission.e Hence, control signaling is only

used once and the overhead is reduced. After enabling semi-persistent scheduling, the

device continues to monitor the set of candidate PDCCHs for uplink and downlink

scheduling commands. This is useful in the case that there are occasional transmissions

of large amounts of data for which the semi-persistent allocation is not sufficient. It is

also used to handle hybrid-ARQ retransmissions which are dynamically scheduled.

In the uplink, configured grants are used to handle transmissions without a dynamic

grant. Two types of configured grants are supported, differing in the ways they are acti-

vated (see Fig. 14.9):

• Configured grant type 1, where an uplink grant is provided by RRC, including activa-

tion of the grant; and

• Configured grant type 2, where the transmission periodicity is provided by RRC and

L1/L2 control signaling is used to activate/deactivate the transmission in a similar

way as in the downlink case.

The benefits for the two schemes are similar, namely to reduce control signaling overhead

and, to some extent to reduce the latency before uplink data transmission as no scheduling

request-grant cycle is needed prior to data transmission.

PDCCH:

resources
activation

Configured periodicity
activation

RRC:

periodicity

RRC:

periodicity
offset

resources
activation

Configured periodicity

Possible uplink transmissions

Configured grant 
type 1

Configured grant 
type 2

activation

offset

Fig. 14.9 Uplink transmissions using a configured grant.

e Periodicities of 10ms and up can be configured in release 15, a number that is reduced in later releases as

discussed in Chapter 21.
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Type 1 sets all the transmission parameters, including periodicity, time offset, and

frequency resources as well as modulation-and-coding scheme of possible uplink trans-

missions, using RRC signaling. Upon receiving the RRC configuration, the device can

start to use the configured grant for transmission in the time instant given by the peri-

odicity and offset. The reason for the offset is to control at what time instants the device

is allowed to transmit. There is no notion of activation time in the RRC signaling in

general; RRC configurations take effect as soon as they are received correctly. This point

in time may vary as it depends on whether RLC retransmissions were needed to deliver

the RRC command or not. To avoid this ambiguity, a time offset relative to the SFN is

included in the configuration.

Type 2 is similar to downlink semi-persistent scheduling. RRC signaling is used to

configure the periodicity, while the transmission parameters are provided as part of

the activation using the PDCCH. Upon receiving the activation command, the device

transmits according to the preconfigured periodicity if there are data in the buffer. If

there are no data to transmit, the device will, similar to type 1, not transmit anything.

Note that no time offset is needed in this case as the activation time is well defined by

the PDCCH transmission instant.

The device acknowledges the activation/deactivation of the configured grant type 2

by sending a MAC control element in the uplink. If there are no data awaiting transmis-

sion when the activation is received, the network would not know if the absence of

transmission is due to the activation command not being received by the device or if

it is due to an empty transmission buffer. The acknowledgment helps in resolving this

ambiguity.

In both these schemes it is possible to configure multiple devices with overlapping

time-frequency resources in the uplink. In this case it is up to the network to differentiate

between transmissions from the different devices.

When transmissions are dynamically scheduled in either uplink or downlink, the

hybrid-ARQ process number is part of the dynamically signaled DCI. Since there is

no dynamic signaling of the hybrid-ARQ process number for semi-persistent sched-

uling and configured grants, the process number to use must be derived in a dif-

ferent manner. This is done by linking the process number to the absolute slot

number (downlink semi-persistent scheduling) or symbol number (uplink config-

ured grants) within the configured periodicity. Thus, the device and the gNB have

the same understanding of the hybrid-ARQ process number and there is no

ambiguity.

14.5 Power-saving mechanisms

Packet-data traffic is often highly bursty, with occasional periods of transmission activ-

ity followed by longer periods of silence. From a delay perspective, it is beneficial to

monitor the downlink control signaling in each slot (or even more frequently) to
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receive uplink grants or downlink data transmissions and instantaneously react on

changes in the traffic behavior. At the same time this comes at a cost in terms of power

consumption at the device; the receiver circuitry in a typical device represents a non-

negligible amount of power consumption and battery lifetime is one of the most impor-

tant end-user metrics.

Modelling the device power consumption is a complex task and depends on a mul-

titude of factors. The lowest power consumption occurs in RRC_IDLE where the

device only occasionally checks for paging. In many cases the device is therefore

moved to the idle state whenever possible, initiated by either the network or the

device itself. However, to transfer data the device needs to be in the connected state,

RRC_CONNECTED. Transferring the device between the states takes some time as

many parameters need to be signaled and the context re-established when the device

moves from idle to connected mode. Therefore, the device typically remains in the

connected state for several seconds after the last packet being transmitted before

moving to the idle state in case in case there are additional data packets to transmit.

The intermediate state, RRC_INACTIVE, can also be useful as the device context is

preserved in the network which reduces the amount of signaling when transitioning

to connected mode.

Since data reception can occur in connected state only, it is important to consider the

device power consumption also in this state – a device constantly being in idle state is not
that useful for obvious reasons. Despite its name, most of the time in the connected state

the device is typically not active with receiving (or transmitting) data. Rather, it is mon-

itoring the PDCCHs for potential scheduling information. The net result of this is that

time-wise a device typically spends most of its time in idle mode, but energy-wise, a large

fraction of the total energy is spent on monitoring PDCCHs in active mode without any

associated data reception (or transmission). A relatively small fraction of the total energy

consumption is due to actual reception and transmission of data.

To tackle these partially contradicting requirements – a long battery lifetime and a low

delay –NR includes several power-saving mechanisms.Discontinuous reception (DRX) is a

basic mechanism included already in the first NR release, as are bandwidth adaptation and

carrier (de)activation. Additional tools such as wake-up signals, dynamic control of cross-

slot scheduling delays, cell dormancy, PDCCH monitoring adaptation, and paging early

indicator are introduced in later releases (see [107] for a discussion of the potential savings

of the different features).

In addition to these standardized mechanisms, there are also a lot of implementation-

specific techniques that can be used. For example, if a device is configured for PDCCH

monitoring once per slot but does not receive a valid scheduling command at the begin-

ning of a slot, it can sleep for the remainder of the slot. This is sometimes referred to as

micro sleep.
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14.5.1 Discontinuous reception
The basis for DRX is a configurable DRX cycle in the device. With a DRX cycle con-

figured, the device monitors the downlink control signaling only when active, sleeping

with the receiver circuitry switched off the remaining time. This allows for a significant

reduction in power consumption – the longer the cycle, the lower the power consump-

tion. Naturally, this implies restrictions to the scheduler as the device can be addressed

only when active according to the DRX cycle.

In many situations, if the device has been scheduled and is actively receiving or trans-

mitting data, it is highly likely it will be scheduled again in the near future. One reason

could be that it was not possible to transmit all the data in the transmission buffer in one

scheduling occasion and hence additional occasions are needed. Waiting until the next

activity period according to the DRX cycle, although possible, would result in additional

delays. Hence, to reduce the delays, the device remains in the active state for a certain

configurable time after being scheduled. This is implemented by the device (re)starting

an inactivity timer every time it is scheduled and remaining awake until the time expires,

as illustrated in Fig. 14.10. Due to the fact that NR can handle multiple numerologies, the

DRX timers are specified in milliseconds in order not to tie the DRX periodicity to a

certain numerology.

Hybrid-ARQ retransmissions are asynchronous in both uplink and downlink. If

the device has been scheduled a transmission in the downlink it could not decode,

the typical situation is that the gNB retransmits the data shortly after the initial transmis-

sion. Therefore, the DRX functionality has a configurable timer which is started after an

erroneously received transport block and used to wake up the device receiver when it is

likely for the gNB to schedule a retransmission. The value of the timer is preferably set to

match the roundtrip time in the hybrid-ARQ protocol; a roundtrip time that depends on

the implementation.

The mechanism – a (long) DRX cycle in combination with the device remaining

awake for some period after being scheduled – is sufficient for most scenarios. However,

some services, most notably voice-over IP, are characterized by periods of regular

transmission, followed by periods of no or very little activity. To handle these services,

a second short DRX cycle can optionally be used in addition to the long cycle described

above. Normally, the device follows the long DRX cycle, but if it has recently been

scheduled, it follows a shorter DRX cycle for some time. Handling voice-over IP in this

(long) DRX cycle

Device scheduled
(re)start inactivity timer

on duration

timer

PDCCH monitoring
(and data reception if scheduled)

inactivity timer expired ShortCylce timer expires

short DRX cycle

(long) DRX cycle

Fig. 14.10 DRX operation.
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scenario can be done by setting the short DRX cycle to 20 ms, as the voice codec typ-

ically delivers a voice-over-IP packet per 20 ms. The long DRX cycle is then used to

handle longer periods of silence between talk spurts.

In addition to the RRC configuration of the DRX parameters, the gNB can termi-

nate an “on duration” and instruct the device to follow the long DRX cycle. This can be

used to reduce the device power consumption if the gNB knows that no additional data

are awaiting transmission in the downlink and hence there is no need for the device to be

active.

14.5.2 Wake-up signals
The DRXmechanism as described here gives significant improvements in device power

consumption compared to being continuously active. Nevertheless, further improve-

ments are possible if the network could inform the device to sleep for another long

DRX cycle if no downlink data is expected instead of waking up regularly and monitor

PDCCHs for a certain time before going back to sleep. Therefore, release 16 introduces

the possibility for a wake-up signal. If the wake-up signal is configured, the device wakes

up a configurable time before the start of the long DRX cycle, checks for the wake-up

signal and, if told not to wake up, returns to sleep for the next long DRX cycle; see

Fig. 14.11 for an example. The wake-up signal uses DCI format 2_6, introduced to sup-

port power saving. Multiple wake-up signals are transmitted together using DCI format

2_6 and the device is configured which of the bits represents the wake-up signal for that

particular device. Checking for the wake-up signal typically requires less power than a

complete search for many different DCI formats and PDCCH candidates. Together with

a significantly shorter duration for checking for the wake-up signal than what is dictated

by the on duration in the (long) DRX cycle, there is a gain in power consumption.

14.5.3 Cross-slot scheduling for power saving
NR allows the data to start immediately after the PDCCH, or, with the proper config-

uration, already at the same time as the PDCCH as described in Chapter 10. From a

latency perspective this is clearly beneficial, but it also requires the device to keep the

receiver open and buffer the received signal at least until the PDCCH decoding is ready.

In many cases, the device is not scheduled and the buffering the received signal is done in

vain. From this perspective, cross-slot scheduling, where the PDSCH is transmitted in a

(long) DRX cycle (long) DRX cycle

Monitor wake-up signal

sleep wake up sleep

Monitor PDCCH

Fig. 14.11 Wake-up signal in release 16.
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later slot than the PDCCH, is beneficial as no buffering of the received signal is required.

Cross-slot scheduling is supported in NR by configuring the time-domain resource allo-

cation table properly, see Chapter 10. If the table is configured such that all time-domain

allocations are in the next slot, the device implementation could in principle exploit this

and skip buffering the signal. However, this would increase latency as cross-slot sched-

uling would be used for all transmissions, also when there is a large amount of data to

transmit. Therefore, in release 16 it is possible to dynamically signal the minimum sched-

uling offset, selecting between two preconfigured values using one bit in the DCI. If the

minimum slot offset indicated to the device is zero, all entries in the time-domain allo-

cation table are valid and the device need to be prepared to receive a PDSCH starting

immediately after (or simultaneously with) the PDCCH and hence require buffering

of the received signal. On the other hand, if the minimum slot offset indicated is, as

an example, one slot, all entries in the time-domain resource allocation table with a slot

offset of zero are invalid. Hence, the device does not need to buffer the received signal

and can in principle sleep until the next slot where the PDSCH transmission is located as

illustrated in Fig. 14.12, thereby saving power. Dynamic indication of the minimum slot

offset is applicable to both uplink and downlink scheduling of unicast data using DCI

formats 0_1/0_3 and 1_1/1_3, respectively. It is not applicable to transmissions such

as system information and random-access response using the fallback DCI format. Obvi-

ously, the indicated minimum slot offset cannot be applied in the same slot as it was sig-

naled but is valid starting at a future slot.

14.5.4 Cell dormancy
To improve the power consumption in scenarios with carrier aggregation, SCell dormancy

is introduced in release 16. For a dormant cell, the device stops PDCCHmonitoring but

continues to perform CSI measurements and beam management. Although a dormant

cell is still considered as active and is not deactivated, there is considerably less activity

from a device perspective which saves power. Deactivating a cell is another possibility

to save power but in this case no CSI reports are provided and the activation of an SCell

takes longer time than returning from dormancy.

The dormancy mechanism is based on the bandwidth part framework. One dormant

bandwidth part without any PDCCHmonitoring is configured in addition to the one or

more regular bandwidth parts. A dormant cell is thus a cell with the dormant bandwidth

part as the active bandwidth part. By switching to any other bandwidth part the cell is

taken out of dormancy.

The switching between the dormant bandwidth part and the regular bandwidth parts

is done via L1/L2 control signaling. In addition to non-fallback DCI formats scheduling

uplink or downlink transmissions, DCI format 2_6 used for the wake-up signal can also

be used.
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Index Slot 
offset

Start 
symbol

Length PDSCH 
mapping type

0 0 2 12 A

1 0 3 10 A

2 1 3 4 B

… … … … …

DCI decoding complete –
turn off receiver if not scheduled

Need to buffer the 
signal in case the 

device is scheduled

DCI decoding complete –
turn off receiver

Index Slot 
offset

Start 
symbol

Length PDSCH 
mapping type

0 0 2 12 A

1 0 3 10 A

2 1 3 4 B

… … … … …

PDSCH reception in the next slot –
turn on receiver (if scheduled)

The device is guaranteed these two
scheduling possibilities will not be used

Fig. 14.12 Illustration of dynamic signaling of minimum slot offset to save power.
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DCI format 2_6 is used when the device is DRX and monitoring for the wake-up

signal. In this case a dormancy indicator of up to five bits can be transmitted in addition to

the wake-up signal, see Fig. 14.13. Each of the dormancy indicator bits corresponds to an

RRC-configured group of SCells, indicating whether the corresponding group of SCells

should enter dormancy or not.

To address devices not being in DRX, DCI formats 0_1, 0_3, 1_1, and 1_3 can be

used. The DCI size is increased to include the up to five dormancy indicator bits, using to

indicate dormancy for a group of SCells in the sameway as for format 2_6. If the increased

DCI size is problematic, it is also possible to configure a standalone dormancy indication

in DCI format 1_1 for all the up to 15 configured SCells by setting the resource allocation

fields to a reserved value and reinterpreting some of the other bits as a bitmap with one bit

for each configured SCell. Obviously, in this case it is not possible to simultaneously

schedule data.

14.5.5 Bandwidth adaptation
NR support a very wide transmission bandwidth, up to several 100 MHz on a single car-

rier. This is useful for rapid delivery of large payloads but is not needed for smaller payload

sizes or for monitoring the downlink control channels when not scheduled. Hence, as

mentioned already in Chapter 5, NR supports receiver-bandwidth adaptation such that

the device can use a narrow bandwidth for monitoring control channels and only open

the full bandwidth when a large amount of data is scheduled, thereby reducing the device

power consumption. This can be seen as discontinuous reception in the frequency

domain.

Opening the wideband receiver can be done by using the bandwidth-part indicator in

the DCI. If the bandwidth part indicator points to a different bandwidth part than the

currently active one, the active bandwidth part is changed (see Fig. 14.14). The time

it takes to change the active bandwidth part depends on several factors, for example,

if the center frequency changes and the receiver needs to retune or not, but can be in

the order of a slot. Once activated, the device uses the new, and wider, bandwidth part

for its operation.

Upon completion of the data transfer requiring the wider bandwidth, the samemech-

anism can be used to revert back to the original bandwidth part. There is also a possibility

to configure a timer to handle the bandwidth-part switching instead of explicit signaling.

In this case, one of the bandwidth parts is configured as the default bandwidth part. If no

WUS
1 bit

Dormancy indicator
0 – 5 bit

WUS
1 bit

Dormancy indicator
0 – 5 bit

WUS
1 bit

Dormancy indicator
0 – 5 bit

Device #1 Device #2 Device #N

Fig. 14.13 Wake-up signal (WUS) and dormancy indicator in DCI format 2_6.
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default bandwidth part is explicitly configured, the initial bandwidth part obtained from

the random-access procedure is used as the default bandwidth part. Upon receiving a

DCI indicating a bandwidth part other than the default one, the timer is started. When

the timer expires, the device switches back to the default bandwidth part. Typically, the

default bandwidth part is narrower and can hence help reducing the device power

consumption.

The introduction of bandwidth adaptation in NR raised several design questions not

present in LTE, in particular related to the handling of controls signaling as many trans-

mission parameters are configured per bandwidth part and the DCI payload size therefore

may differ between different bandwidth parts. The frequency-domain resource alloca-

tion field is an obvious example; the larger the bandwidth part, the larger the number

of bits for frequency-domain resource allocation. This is not an issue as long as the

downlink data transmission uses the same bandwidth part as the DCI control signaling.f

However, in the case of bandwidth adaptation this is not true as the bandwidth part

indicator in the DCI received in one bandwidth part can point to another differently sized

bandwidth part for data reception. This raises the issue on how to interpret the DCI if the

bandwidth part index points to another bandwidth part than the current one, as the DCI

fields in the detected DCI may not match what is needed in the bandwidth part pointed

to by the index field.

One possibility to address this would be to blindly monitor for multiple DCI payload

sizes, one for each configured bandwidth part, but unfortunately this would imply a large

burden on the device. Instead, an approach where the DCI fields detected are reinter-

preted to be useful in the bandwidth part pointed to by the index is used. A simple

approach has been selected where the bitfields are padded or truncated to match what

is assumed by the bandwidth part scheduled. Naturally, this imposes some limitation

PDCCH monitoring in BWP #0 (default)

PDCCH monitoring in BWP #1

DCI activating BWP #1
DCI reinterpreted to match BWP#1

BWP #1 activated,
start timer

Timer expires,
activate default BWP

time

frequency

Fig. 14.14 Illustration of bandwidth adaptation principle.

f Strictly speaking, it is sufficient if the size and configuration of the bandwidth part used for PDCCH and

PDSCH are the same.
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on the possible scheduling decisions, but as soon as the new bandwidth part is activated

the device monitors downlink control signaling using the new DCI size and data can be

scheduled with full flexibility again.

Although the handling of different bandwidth parts has been described from a

downlink perspective, the same approach of reinterpreting the DCI is applied to the

uplink.

14.5.6 PDCCH monitoring control
Blind decoding of PDCCHs is, as already described, carried out at regular time instants.

The periodicities of the blind decodings are configurable, but a typical configuration is to

monitor PDCCHs at the beginning of each slot. However, in most cases the device is not

scheduled and the blind decodings are done in vain, resulting in a waste of the device

energy. Actually, a relatively large portion of the device energy consumption in con-

nected mode is spent on blind decoding of the PDCCH candidates. To mitigate this

and reduce the device energy consumption in connected mode, release 17 introduces

PDCCH monitoring adaptation, based on two components: search-space-set-group

(SSSG) switching and PDCCH skipping.

Search space sets control when a device should perform blind decodings and the

aggregation levels for the different candidates as discussed in Chapter 10. As part of adding

support for unlicensed spectrum in release 16, two SSSGs can be configured to allow the

device to switch between two different monitoring configurations. The concept of

search space set groups is reused in release 17 with some extensions to provide better

control of time instants at which the device performs blind decodings. Up to three

SSSGs can be configured in release 17 with one of the groups being active. The reason

for defining multiple SSSGs is to reduce device power consumption by adapting the

monitoring occasions depending on the traffic situation. For example, PDCCHs can

be monitored at the beginning of each slot to allow for quick scheduling of transmissions

during on ongoing transmission burst. Less frequent monitoring, for example every tenth

slot, may be sufficient between data burst or when expecting less latency critical traffic.

Search space set groups can be used to achieve this flexibility with group 0, the default

group, used for frequent monitoring and group 1 is used for less frequent monitoring.

A third group can also be configured for additional flexibility if deemed beneficial. In

principle, a similar effect could be achieved by configuring multiple bandwidth parts with

different search space configurations and switch between the bandwidth parts as the traffic

changes. However, not only would this occupy more BWP resources, it would also be

slower as a BWP switch takes a certain amount of time.

Switching between the SSSGs is controlled dynamically, see Fig. 14.15. One or two

bits in the DCI determines which SSSG to use. There is also a timer mechanism defined,

which is used as a complement to dynamic signaling of the search space set groups. If the
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Search space sets part of
groups 0 and 1

DCI with switch to 
group 1 detected

Activate group 1,
start timer

Search space sets part 
of group 0 only

DCI with switch to group 1
(or timer expired)

Activate group 0Valid PDCCH detected,
restart timer

Data burst – dense PDCCH monitoring Save power by sparse PDCCH monitoring Data burst – dense PDCCH monitoring

Data scheduled by the PDCCH

Fig. 14.15 Example of SSSG switching.
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device is instructed to switch to SSSG 1 or 2, a timer is started. When the timer expires,

the device switches back to SSSG 0. Transmission of a scheduling request also forces the

device to switch to SSSG 0.

Another mechanism to control the amount of blind decodings is PDCCH skipping.

The basic principle is straight forward – when there is no data in the buffer the gNB

can instruct the device to skip monitoring for PDCCHs during a preconfigured period

of time. Up to three different skipping durations can be configured and the gNB can

dynamically select between them using DCI. Once the the skipping duration has passed,

the device returns to monitoring PDCCHs at the same time instants as before the skipping.

Search space group switching and PDCCH skipping can be used in combination. If

configured, one or two bits in a non-fallback DCI format are used to jointly control

switching and skipping as illustrated in Table 14.2. As seen in the table, both switching

and skipping can be configured. However, only one mechanism can be triggered at a

time. SSSG switching can also be controlled through DCI format 2_0, see

Chapter 20, which is useful when operating in unlicensed spectra.

14.5.7 Early indication of paging
In the idle state, the device sleeps most of the time andwakes up at the paging occasions to

see whether it is paged or not. Each of these paging occasions is associated with, relative to

the sleeping, significant processing in the device and a corresponding energy consump-

tion. Prior to each paging occasion, the device needs to wake up to obtain time/

frequencysynchronization and to stabilize oscillators, followed by PDCCH and PDSCH

reception. Depending on the signal quality, multiple SSBs may be needed before the

time/frequency synchronization is sufficiently accurate for PDSCH reception. This is

a large part of the energy consumption in the device, compared to the PDCCH recep-

tion, energy that is wasted in the cases when the device is not paged.

To address this, release 17 introduces a mechanism to indicate to the device in advance

whether it is likely to be paged in an upcoming paging occasion. The indicator, known as

the paging early indicator (PEI) is conveyed on a PDCCH using DCI format 2_7 with PEI-

RNTI. If no PEI is received prior to a paging occasion, there is no need for the device to

spend energy on receiving potential paging messages in the paging occasion, see Fig. 14.16.

Table 14.2 PDCCH monitoring control.

Bits Skipping only Switching only Skipping and switching

One bit 0 No skipping SSSG#0 –
1 Skipping duration 1 SSSG#1 –

Two bits 00 No skipping SSSG#0 SSSG#0

01 Skipping duration 1 SSSG#1 SSSG#1

10 Skipping duration 2 SSSG#2 Skipping duration 1

11 Skipping duration 3 reserved Skipping duration 2
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Paging subgroups can also be defined and only if the device detects a PEI including the

subgroup to which the device belongs is monitors the associated paging occasion.

The time-frequency synchronization was one of the more power consuming

procedures in the paging process. One way to reduce this is to provide the device with

additional reference signals, thereby speeding up the channel estimation process. Periodic

TRSs is one such reference signal, typically broadcasted in a cell if there is at least one

device in connected mode. At the same time, to maintain the ultra-lean principle,

reference signals should not be transmitted unless they serve a purpose. Therefore,

devices can be provided with a TRS configuration in one of the SIBs and the PEI

can indicate whether a TRS is present or not. If present, the TRS can be used by the

devices to speed up the time-frequency synchronization. TRS presence can also be

indicated in normal paging PDCCH in case the PEI is not used.
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CHAPTER 15

Uplink power and timing control

Uplink power control and uplink timing control are the topics of this chapter. Power

control serves the purpose of controlling the interference, mainly toward other cells as

transmissions within the same cell typically are orthogonal. Timing control ensures that

different devices are received with the same timing, a prerequisite to maintain orthog-

onality between different transmissions.

15.1 Uplink power control

NR uplink power control is the set of algorithms and tools by which the transmit power

for different uplink physical channels and signals is controlled to ensure that they, to the

extent possible, are received by the network at an appropriate power level. In the case of

an uplink physical channel, the appropriate power is simply the received power needed

for proper decoding of the information carried by the physical channel. At the same time,

the transmit power should not be unnecessarily high as that would cause unnecessarily

high interference to other uplink transmissions.

The appropriate transmit power will depend on the channel properties, including the

channel attenuation and the noise and interference level at the receiver side. It should also

be noted that the required received power is directly dependent on the data rate. If the

received power is too low one can thus either increase the transmit power or reduce

the data rate. In other words, at least in the case of PUSCH transmission, there is an inti-

mate relationship between power control and link adaptation (rate control).

NR uplink power control is based on a combination of:

• Open-loop power control, including support for fractional path-loss compensation, where

the device estimates the uplink path loss based on downlink measurements and sets the

transmit power accordingly.

• Closed-loop power control based on explicit power-control commands provided by the

network. In practice, these power-control commands are determined based on prior

network measurements of the received uplink power, thus the term “closed loop”.

A main new feature of NR uplink power control, not present in, for example, power

control in LTE, is the possibility for beam-based power control (see Section 15.1.2).
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15.1.1 Baseline power control
Power-control for PUSCH transmissions can, somewhat simplified, be described by the

following expression:

PPUSCH ¼ min PCMAX,P0 jð Þ + α jð Þ � PL qð Þ + 10 � log 10 2μ �MRBð Þ + ΔTF + δ lð Þf g
(15.1)

where

• PPUSCH is the PUSCH transmit power;

• PCMAX is the maximum allowed transmit power per carrier;

• P0(.) is a network-configurable parameter that can, somewhat simplified, be described

as a target received power;

• PL(�) is an estimate of the uplink path loss;

• α(�) is a network-configurable parameter (�1) for fractional path-loss compensation;

• μ relates to the sub-carrier spacing Δf used for the PUSCH transmission. More spe-

cifically, Δf¼2μ �15 kHz;

• MRB is the number of resource blocks assigned for the PUSCH transmission;

• ΔTF relates to the modulation scheme and channel-coding rate used for the PUSCH

transmission;a

• δ(�) is the power adjustment due to the closed-loop power control.

The expression describes uplink power control per carrier. If a device is configured with

multiple uplink carriers (carrier aggregation and/or supplementary uplink), power

control according to Eq. (15.1) is carried out separately for each carrier. The min

{PCMAX,…} part of the power-control expression then ensures that the power per car-

rier does not exceed the maximum allowed transmit power per carrier. However, there

will also be a limit on the total device transmit power over all configured uplink carriers.

In order to stay below this limit there will, in the end, be a need to coordinate the power

setting between the different uplink carriers (see further Section 15.1.4). Such coordina-

tion is needed also in the case of LTE/NR dual-connectivity.

We will now consider the different parts of the above power control expression in

somewhat more detail. When doing this we will initially ignore the parameters j, q,

and l. The impact of these parameters will be discussed in Section 15.1.2.

The expression P0+α �PL represents basic open-loop power control supporting frac-

tional path-loss compensation. In the case of full path-loss compensation, corresponding

to α¼1, and under the assumption that the path-loss estimate PL is an accurate estimate

of the uplink path loss, the open-loop power control adjusts the PUSCH transmit power

so that the received power aligns with the “target received power” P0. The quantity P0 is

a The abbreviation TF¼ Transport Format, a term used in earlier 3GPP technologies but not used explicitly

for NR.
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provided as part of the power-control configuration and would typically depend on the

target data rate but also on the noise and interference level experienced at the receiver.

The device is assumed to estimate the uplink path loss based on measurements on

some downlink signal. The accuracy of the path-loss estimate thus partly depends

on what extent downlink/uplink reciprocity holds to. Especially, in the case of FDD

operation in paired spectra, the path-loss estimate will not be able to capture any

frequency-dependent characteristics of the path loss.

In the case of fractional path-loss compensation, corresponding to α<1, the path loss

will not be fully compensated for and the received power will even on average vary

depending on the location of the device within the cell, with lower received power

for devices with higher path loss, in practice for devices at larger distance from the cell

site. This must then be compensated for by adjusting the uplink data rate accordingly.

The benefit of fractional path-loss compensation is reduced interference to neighbor

cells. This comes at the price of larger variations in the service quality with reduced data-

rate availability for devices closer to the cell border.

The term 10 � log(2μ �MRB) reflects the fact that, everything else unchanged, the

received power, and thus also the transmit power, should be proportional to the band-

width assigned for the transmission. Thus, assuming full path-loss compensation (α¼1),

P0 can more accurately be described as a normalized target received power. Especially,

assuming full path-loss compensation, P0 is the target received power assuming transmis-

sion over a single resource block with 15 kHz numerology.

The termΔTF tries to model how the required received power varies when the num-

ber of information bits per resource element varies due to different modulation

schemes and channel-coding rates. More precisely

ΔTF ¼ 10 � log 21:25�γ � 1
� � � β� �

(15.2)

where γ is the number of information bits in the PUSCH transmission, normalized by the

number of resource elements used for the transmission not including resource elements

used for demodulation reference symbols.

The factor β equals 1 in the case of data transmission on PUSCH but can be set to a

different value in the case that the PUSCH carries layer-1 control signaling (UCI).b

It can be noted that, ignoring the factor β, the expression forΔTF is essentially a rewrite

of the Shannon channel capacityC¼W � log2(1+SNR) with an additional factor 1.25. In

other words, ΔTF can be seen as modeling link capacity as 80% of Shannon capacity.

The term ΔTFis not always included when determining the PUSCH transmit power.

• The term ΔTFis only used for single-layer transmission, that is, ΔTF¼0 in case of

uplink multi-layer transmission

b Note that one could equally well have described this as a separate term 10 � log (β) applied when PUSCH

carries UCI.
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• The termΔTF can, in general, be disabled.ΔTF should, for example, not be used in com-

bination with fractional power control. Adjusting the transmit power to compensate for

different data rates would counteract any adjustment of the data rate to compensate

for the variations in received power due to fractional power control as described.

Finally, the term δ(�) is the power adjustment related to closed-loop power control. The

network can adjust δ(�) by a certain step given by a power-control command provided by

the network, thereby adjusting the transmit power based on network measurements

of the received power. The power control commands are carried in the TPC field within

uplink scheduling grants (DCI formats 0_0 through 0_3). Power control commands can

also be carried jointly to multiple devices by means of DCI format 2_2. Each power con-

trol command consists of 2 bits corresponding to four different update steps (�1 dB, 0 dB,

+1dB, +3 dB). The reason for including 0 dB as an update step is that a power-control

command is included in every scheduling grant and it is desirable not to have to adjust the

PUSCH transmit power for each grant.

15.1.2 Beam-based power control
In the discussion we ignored the parameter j for the open-loop parameters P0(.) and α(.),
the parameter q in the path loss estimate PL(.), and the parameter l in the closed-loop

power adjustment δ(.). The primary aim of these parameters is to take beam forming into

account for the uplink power control.

15.1.2.1 Multiple path-loss-estimation processes
In the case of uplink beam forming, the uplink-path-loss estimate PL(q) used to deter-

mine the transmit power according to Eq. (15.1) should reflect the path loss, including

the beam-forming gains, of the uplink beam pair to be used for the PUSCH transmission.

Assuming beam correspondence, this can be achieved by estimating the path loss based on

measurements on a downlink reference signal transmitted over the corresponding down-

link beam pair. As the uplink beam used for the transmission pair may change between

PUSCH transmissions, the device may thus have to retain multiple path-loss estimates,

corresponding to different candidate beam pairs, in practice, path loss estimates based on

measurements on different downlink reference signals. When actual PUSCH transmis-

sion is to take place over a specific beam pair, the path-loss estimate corresponding to that

beam pair is then used when determining the PUSCH transmit power according to the

power-control Eq. (15.1).

This is enabled by the parameter q in the path-loss estimate PL(q) of Eq. (15.1). The

network configures the device with a set of downlink reference signals (CSI-RS or SS

block) on which path loss is to be estimated, with each reference signal being associated

with a specific value of q. In order not to put too high requirements on the device, there

can be at most four parallel path-loss-estimation processes, each corresponding to a
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specific value of q. The network also configures a mapping from the possible SRI values

provided in the scheduling grant to the up to four different values of q. In the end there is

thus a mapping from each of the possible SRI values provided in the scheduling grant to

one of up to four configured downlink reference signals and thus, indirectly, a mapping

from each of the possible SRI values to one of up to four path-loss estimates reflecting the

path loss of a specific beam pair. When a PUSCH transmission is scheduled by a sched-

uling grant including SRI, the path-loss estimate associated with that SRI is used when

determining the transmit power for the scheduled PUSCH transmission.

The procedure is illustrated in Fig. 15.1 for the case of two beam pairs. The device is

configured with two downlink reference signals (CSI-RS or SS block) that in practice

will be transmitted on the downlink over a first and second beam pair respectively.

The device is running two path-loss-estimation processes in parallel, estimating the path

loss PL(1) for the first beam pair based onmeasurements on reference signal RS-1 and the

path loss PL(2) for the second beam pair based on measurements on reference-signal RS-

2. The parameter q associates SRI ¼ 1 with RS-1 and thus indirectly with PL(1). Like-

wise, SRI¼ 2 is associated with RS-2 and thus indirectly with PL(2). When the device is

scheduled for PUSCH transmission with the SRI of the scheduling grant set to 1, the

transmit power of the scheduled PUSCH transmission is determined based on the path-

loss estimate PL(1) that is, the path-loss estimate based on measurements on RS-1. Thus,

assuming beam correspondence the path-loss estimate reflects the path loss of the beam

pair over which the PUSCH is transmitted. If the device is instead scheduled for PUSCH

transmission with SRI ¼ 2, the path-loss estimate PL(2), reflecting the path loss of the

beam pair corresponding to SRI¼2, is used to determine the transmit power for

the scheduled PUSCH transmission.

15.1.2.2 Multiple open-loop-parameter sets
In the PUSCH power-control Eq. (15.1), the open-loop parameters P0 and α are asso-

ciated with a parameter j. This simply reflects that there may be multiple open-loop-

parameter pairs {P0,α}. Partly, different open-loop parameters will be used for different

types of PUSCH transmission (random-access “message 3” transmission, see Chapter 17,

grant-free PUSCH transmissions, and scheduled PUSCH transmissions). However,

there is also a possibility to have multiple pairs of open-loop parameter for scheduled

Fig. 15.1 Use of multiple power-estimation processes to enable uplink power control in case of
dynamic beam management.
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PUSCH transmission, where the pair to use for a certain PUSCH transmission can be

selected based on the SRI similar to the selection of path-loss estimates as described

above. In practice this implies that the open-loop parameters P0 and α will depend on

the uplink beam.

For the power setting of random-message 3, which in the NR specification corre-

sponds to j¼0, α always equals 1. In other words, fractional power control is not used

for message-3 transmission. Furthermore, the parameter P0 can, for message 3, be calcu-

lated based on information in the random-access configuration.

For other PUSCH transmissions the device can be configured with different open-

loop-parameter pairs {P0(j),α(j)}, corresponding to different values for the parameter j.

Parameter pair {P0(1),α(1)} should be used in the case of grant-free PUSCH transmission

while the remaining parameter pairs are associated with scheduled PUSCH transmission.

Each possible value of the SRI that can be provided as part of the uplink scheduling grant

is associated with one of the configured open-loop-parameter pairs. When a PUSCH

transmission is scheduled with a certain SRI included in the scheduling grant, the open-

loop parameters associated with that SRI are used when determining the transmit power

for the scheduled PUSCH transmission.

Multiple open-loop-parameter sets can also be used for uplink preemption. The

release-16 enhancements supporting this are discussed in Chapter 20.

15.1.2.3 Multiple closed-loop processes
The final parameter is the parameter l for the closed-loop process. PUSCHpower control

allows for the configuration of two independent closed-loop processes, associated with

l¼1 and l¼2, respectively. Similar to the possibility for multiple path-loss estimates and

multiple open-loop-parameter sets, the selection of l, that is, the selection of closed-loop

process can be tied to the SRI included in the scheduling grant by associating each pos-

sible value of the SRI to one of the closed-loop processes.

15.1.3 Power control for PUCCH
Power control for PUCCH follows essentially the same principles as power control for

PUSCH with some minor differences

First, for PUCCH power control, there is no fractional path-loss compensation, that

is, the parameter α always equals one

Furthermore, for PUCCH power control, the closed-loop power control commands

are carried within DCI formats 1_0 and 1_1, that is, within downlink scheduling assign-

ments rather than within uplink scheduling grants which is the case for PUSCH power

control. One reason for uplink PUCCH transmissions is the transmission of hybrid-

ARQ acknowledgments as a response to downlink transmissions. Such downlink trans-

missions are typically associated with downlink scheduling assignments on PDCCH and

the corresponding power-control commands could thus be used to adjust the PUCCH
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transmit power prior to the transmission of the hybrid-ARQ acknowledgments. Similar

to PUSCH, power-control commands can also be carried jointly to multiple devices by

means of DCI format 2_2.

15.1.4 Power control in case of multiple uplink carriers
The above procedures describe how to set the transmit power for a given physical chan-

nel in the case of a single uplink carrier. For each such carrier there is a maximum allowed

transmit power PCMAX and the min{PCMAX,…} part of the power-control expression

ensures that the per-carrier transmit power of a carrier does not exceed power PCMAX.
c

In many cases, a device is configured with multiple uplink carriers

• Multiple uplink carriers in a carrier aggregation scenario

• An additional supplementary uplink carrier in case of SUL

In addition to the maximum per-carrier transmit power PCMAX, there is a limit PTMAX

on the total transmitted power over all carriers. For a device configured for NR trans-

mission on multiple uplink carriers, PCMAX should obviously not exceed PTMAX. How-

ever, the sum of PCMAX over all configured uplink carriers may very well, and often will,

exceed PTMAX. The reason is that a device will often not transmit simultaneously on all its

configured uplink carriers and the device should then preferably still be able to transmit

with the maximum allowed power PTMAX. Thus, there may be situations when the sum

of the transmit power of each carrier given by the power-control Eq. (15.1) exceeds

PTMAX. In that case, the power of each carrier needs to be scaled down to ensure that

the eventual transmit power of the device does not exceed the maximum allowed value.

Another situation that needs to be taken care of is the simultaneous uplink transmis-

sion of LTE and NR in the case of a device operating in dual-connectivity between LTE

and NR. Note that, at least in an initial phase of NR deployment this will be the normal

mode-of-operation as the first release of the NR specifications only support non-stand-

alone NR deployments. In this case, the transmission on LTE may limit the power avail-

able for NR transmission and vice versa. The basic principle is that the LTE transmission

has priority, that is the LTE carrier is transmitted with the power given by the LTE uplink

power control [26]. The NR transmission can then use whatever power is left up to the

power given by the power-control Eq. (15.1).

The reason for prioritizing LTE over NR is multifold:

• In the specification of NR, including the support for NR/LTE dual connectivity,

there has been an aim to as much as possible avoid any impact on the LTE specifica-

tions. Imposing restrictions on the LTE power control, due to the simultaneous trans-

mission on NR would have implied such an impact.

c Note that, in contrast to LTE, at least for NR release 15 there is not simultaneous PUCCH and PUSCH

transmission on a carrier and thus there is at most one physical channel transmitted on an uplink carrier at a

given time instant.
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• At least initially, LTE/NR dual-connectivity will have LTE providing the control-

plane signaling, that is, LTE is used for the master cell group (MCG). The LTE link

is thus more critical in terms of retaining connectivity and it makes sense to prioritize

that link over the “secondary” NR link

15.2 Uplink timing control

The NR uplink allows for uplink intra-cell orthogonality, implying that uplink transmis-

sions received from different devices within a cell do not cause interference to each other.

A requirement for this uplink orthogonality to hold is that the uplink slot boundaries for a

given numerology are (approximately) time aligned at the base station. More specifically,

any timing misalignment between received signals should fall within the cyclic prefix. To

ensure such receiver-side time alignment, NR includes a mechanism for transmit-timing

advance.

In essence, timing advance is a negative offset, at the device, between the start of a

downlink slot n as observed by the device and the start of the corresponding uplink slot

n. By controlling the offset appropriately for each device, the network can control the

timing of the signals received at the base station from the devices. Devices far from

the base station encounter a larger propagation delay and therefore need to start their

uplink transmissions somewhat in advance, compared to devices closer to the base station,

as illustrated in Fig. 15.2. In this specific example, the first device is located close to the

base station and experiences a small propagation delay, TP,1. Thus, for this device, a small

value of the timing advance offset TA,1 is sufficient to compensate for the propagation

delay and to ensure the correct timing at the base station. However, a larger value of

the timing advance is required for the second device, which is located at a larger distance

from the base station and thus experiences a larger propagation delay.

The timing-advance value for each device is determined by the network based on

measurements on the respective uplink transmissions. Hence, as long as a device carries

out uplink data transmission, this can be used by the receiving base station to estimate the

uplink receive timing and thus be a source for the timing-advance commands. Sounding

reference signals can be used as a regular signal to measure upon, but in principle the base

station can use any signal transmitted from the devices.

Based on the uplink measurements, the network determines the required timing cor-

rection for each device. If the timing of a specific device needs correction, the network

issues a timing-advance command for this specific device, instructing it to retard or

advance its timing relative to the current uplink timing. The user-specific timing-

advance command is transmitted as a MAC control element on the DL-SCH. Typically,

timing-advance commands to a device are transmitted relatively infrequently – for exam-

ple, one or a few times per second – but obviously this depends on how fast the device is

moving.
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In more details, the timing of TTA between the start of an uplink slot n and the start of

the corresponding downlink slot n is (see also Fig. 15.3)

TTA ¼ NTA + NTA,offsetð Þ � Tc (15.3)

NTA,offset is a cell-specific parameter that can only take a limited set of values, in prac-

tice depending on the frequency band and if the NR carrier needs to co-exist with an

LTE carrier (only relevant for FR1). The default values for NTA,offset are

• NTA,offset¼25600 for FR1 in case of no spectrum-coexistence

• NTA,offset¼0 (FDD) and 39936 (TDD) for FR1 in case of spectrum-coexistence

• NTA,offset¼13792 for FR2

Downlink transmission

Uplink reception from device 1

Uplink reception from device 2

TP,1

Uplink transmission

Downlink reception

Device 1
(close to the base station)

Uplink transmission

Downlink reception

TP,2

TA,2=2TP,2
Device 2

(far from the base station)

Base station

slot

TA,1=2TP,1

Fig. 15.2 Uplink timing advance.

TTA

slot n-1 slot n slot n+1Downlink at device

Uplink at device slot n-1 slot n slot n+1

Fig. 15.3 Uplink/downlink timing relation at the device.
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NTA is the device-specific timing advance that is updated based on network signaling as

described above.

It should be pointed out that, in case of operation in a so-called non-terrestrial network

(see Chapter 25), additional parameters are included when calculating the uplink-

downlink timing offset TTA,

As discussed above, the target of timing advance is to keep the timing misalignment

within the size of the cyclic prefix and the step size of the timing advance is therefore

chosen as a fraction of the cyclic prefix. However, as NR supports multiple numerologies

with the cyclic prefix being shorter the higher the subcarrier spacing, the timing advance

step size is scaled in proportion to the cyclic prefix length and given by the subcarrier

spacing of the active uplink bandwidth part.

If the device has not received a timing-advance command during a (configurable)

period, the device assumes it has lost the uplink synchronization. In this case, the device

must reestablish uplink timing using the random-access procedure prior to any PUSCH

or PUCCH transmission in the uplink.

For carrier aggregation, there may be multiple component carriers transmitted from a

single device. A straightforward way of handling this would be to apply the same timing-

advance value for all uplink component carriers. However, if different uplink carriers are

received at different geographical locations, for example by using remote radio heads for

some carriers but not others, different carriers would need different timing advance

values. Dual connectivity with different uplink carriers terminated at different sites is

an example when this is relevant. To handle such scenarios, uplink carriers are grouped

into so-called timing advanced groups (TAGs). All component carriers within a TAG are

subject to the same timing-advance command. However, different TAGs may be subject

to different timing-advance commands, that is, the transmission timing of component

carriers of different TAGs may be set differently. If a TAG includes component carriers

with different numerology, the timing-advance step size is determined by the highest

subcarriers spacing among the carriers.
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CHAPTER 16

Cell search and system information

Cell search covers the functions and procedures by which a device finds new cells. Cell

search is carried out when a device is initially entering the coverage area of a system. To

enable mobility, cell search is also continuously carried out by devices moving within the

system, both when the device is connected to the network and when in idle/inactive

state. In NR, cell search is primarily based on so-called synchronization signal blocks (SSBs).

Once a device has found and connected to a cell, it needs to acquire the system infor-

mation valid for the cell.

In this chapter wewill describe theNR cell search, including the detailed structure for

SSB transmissions. We will also discuss the structure for the NR system information and

how it is provided to devices.

16.1 The SSB

To enable devices to find a cell when entering a system, as well as to find new cells when

moving within the system, synchronization signals consisting of two parts, the Primary

Synchronization Signal (PSS) and the Secondary Synchronization Signal (SSS), are periodically

transmitted within NR cells. The PSS/SSS together with the Physical Broadcast Channel

(PBCH), see Section 16.3, are jointly referred to as a Synchronization Signal Block or SSB.

The SSB serves a similar purpose and, in many respects, has a similar structure as the

PSS/SSS/PBCH of LTE [26]. However, there are some important differences between

the LTE PSS/SSS/PBCH and the NR SSB. At least partly, the origin of these differences

can be traced back to some NR-specific requirements and characteristics including the

aim to reduce the amount of “always-on” signals, as discussed in Section 5.1.2, and

the possibility for beamforming during initial access.

16.1.1 Basic structure
As all NR downlink transmissions, SSB transmission is based on OFDM. In other words,

the SSB is transmitted on a set of time/frequency resources (resource elements) within

the basic OFDM grid discussed in Section 7.3. Fig. 16.1 illustrates the time/frequency

structure of a single SSB transmission. As can be seen, the SSB spans four OFDM symbols

in the time domain and 240 subcarriers in the frequency domain.
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• PSS is transmitted in the first OFDM symbol of the SSB and occupies 127 subcarriers

in the frequency domain. The remaining 113 subcarriers within the SSB bandwidth

are empty.

• SSS is transmitted in the third OFDM symbol of the SSB and occupies the same set of

subcarriers as the PSS. There are eight and nine empty subcarriers on each side of the

SSS respectively.

• The PBCH is transmitted within the second and fourth OFDM symbols of the SSB. In

addition, PBCH also uses 48 subcarriers on each side of the SSS.

Different numerologies can be used for SSB transmission. However, to limit the need for

a device to simultaneously search for SSBs of different numerologies on a given fre-

quency, there is at most two SSB numerologies defined for a given frequency band.

Table 16.1 lists the different numerologies applicable for SSB transmission together

with the corresponding SSB bandwidth and time duration, and the frequency range for

which each specific numerology applies.a Note that 60kHz numerology cannot be used

for SSB transmission regardless of frequency range. In contrast, 240kHz numerology can

be used for SSB transmission although it is currently not supported for other downlink

transmissions. The reason to support 240kHz SSB numerology is to enable a shorter time

duration for each SSB. This is relevant in the case of beam-sweeping over many beams

with a corresponding large number of time multiplexed SSBs (see further details in

Section 16.2). The 480kHz and 960kHz SSB numerologies were introduced together

with the introduction of NR support for operation above 52.6GHz (FR2-2).

One OFDM symbol

Fig. 16.1 Time/frequency structure of a single SSB consisting of PSS, SSS, and PBCH.

a Note that, although the frequency range for 30kHz SS numerology fully overlaps with the frequency range

for 15kHz numerology, for a given frequency band within the lower frequency range there is in most cases

only a single numerology supported.
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Asmentioned in Section 5.2.15, release 18 introduces the possibility to operate NR in

less than 5MHz of spectrum. In such cases, the full set of SSB subcarriers (240 subcarriers)

does not fit within the available spectrum. To support this, no changes are made to the

basic SSB structure but the resource elements corresponding to the subcarriers outside

the available bandwidth will simply not be transmitted. This will obviously impact the

SSB link performance which can be compensated for by operating with a somewhat

higher SSB SINR.

16.1.2 Frequency-domain position
In LTE, the PSS and SSS were always located at the center of the carrier. Thus, once an

LTE device had found a PSS/SSS, that is, found a carrier, it inherently knew the center

frequency of the found carrier. The drawback with this approach, that is, always locating

the PSS/SSS at the center of the carrier, is that a device with no a priori knowledge of the

frequency-domain carrier position must search for PSS/SSS at all possible carrier posi-

tions (the “carrier raster”).

To allow for faster cell search, a different approach was adopted for NR. Rather than

always being located at the center of the carrier, implying that the possible SSB locations

coincide with the carrier raster, there are, within each frequency band, a more limited set

of possible locations of SSB, referred to as the “synchronization raster”. Instead of searching

for an SSB at each position of the carrier raster, a device thus only needs to search for an

SSB on the sparser synchronization raster.

As carriers can still be located at an arbitrary position on the more dense carrier raster,

the SSB may not end up at the center of a carrier. The SSB may not even end up aligned

with the resource-block grid. Hence, once the SSB has been found, the device must be

explicitly informed about the exact SSB frequency-domain position within the carrier.

This is done by means of information partly within the SSB itself, more specifically infor-

mation carried by the PBCH (Section 16.3), and partly within the remaining broadcast

system information (see further Section 16.5).

Table 16.1 SSB numerologies and corresponding frequency ranges.

Numerology (kHz) SSB bandwidtha (MHz) SSB duration (μs) Frequency range

15 3.6 �285 FR1 (<3GHz)

30 7.2 �143 FR1

120 28.8 �36 FR2-1

240 57.6 �18 FR2-1

480 115.2 �9 FR2-2

960 230.4 �4.5 FR2-2

aThe SSB bandwidth is simply the number of sub-carriers used for SSB (240) multiplied by the SSB sub-carrier spacings.

377Cell search and system information

https://t.me/learningnets



16.1.3 SSB periodicity
SSB is transmitted periodically with a period that may vary from 5ms up to 160ms. How-

ever, devices doing initial cell search, as well as devices in inactive/idle state doing cell

search for mobility, can assume that the SSB is occurs at least once every 20ms. This

allows for a device that searches for SSB in the frequency domain to know how long

it must stay on a given frequency before concluding that there is no SSB present on

the frequency and thus that it should move on to the next candidate frequency within

the synchronization raster.

The 20ms NR SSB periodicity is four times longer than the corresponding 5ms peri-

odicity of LTE PSS/SSS transmission. The longer SSB period was selected to allow for

enhancedNRnetwork energy performance and in general to follow the ultra-lean design

paradigm described in Section 5.1.2. The drawback with a longer SSB period is that,

compared to LTE, a device must stay on each frequency for a longer time before it

can conclude that there is no SSB on the frequency. However, this is compensated

for by the more sparse synchronization raster which reduces the number of frequency-

domain locations on which a device must search for SSB.

Even though devices doing initial cell search can assume that SSB is repeated at least

once every 20ms, there are situations when there may be reasons to use either a shorter or

longer SSB periodicity:

• A shorter SSB periodicity may be used to enable faster cell search for devices in con-

nected mode as such devices can be explicitly informed about the shorter SSB period

by the network.

• A longer SSBperiodicitymay be used to further enhance network energy performance.

A carrier with an SSB periodicity larger than 20ms may not be found by devices doing

initial access. However, such a carrier could still be used by devices in connectedmode,

for example, as a secondary carrier in a carrier-aggregation scenario.

It should be pointed out that the discussion above, with a constant SSB period, is not fully

accurate for the case of operation in unlicensed spectrum. In case of operation is unli-

censed spectrum there will typically be some more or less random variations in the

SSB transmission timing due to the channel-access procedure needed for operation in

unlicensed spectrum, see further Section 20.8.2. Thus one cannot, in this case, really talk

about a specific SSB periodicity.

16.1.4 Detailed structure of PSS and SSS
Above we have described the overall structure of an SSB and how it consists of three

parts: PSS, SSS, and PBCH. In this section we will describe the detailed structure of

the PSS and SSS. The PBCH is further discussed in Section 16.3.
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16.1.4.1 The primary synchronization sequence (PSS)
The PSS is the first signal that a device entering the system will search for. At that stage,

the device has no knowledge of the system timing. Furthermore, even though the device

searches for a cell at a given carrier frequency, there may, due to inaccuracy of the

device internal frequency reference, be a relatively large deviation between the device

and network carrier frequency. The PSS has been designed to be detectable despite these

uncertainties.

Once the device has found the PSS, it has found synchronization up to the periodicity

of the PSS. It can then also use transmissions from the network as a reference for its inter-

nal frequency generation, thereby to a large extent eliminating any frequency deviation

between the device and the network.

As alreadymentioned, the PSS extends over 127 resource elements, onto which a PSS

sequence {xn}¼xn(0), xn(1), …, xn(126) is mapped (see Fig. 16.2).

There are three different PSS sequences {x0}, {x1}, and {x2}, derived as different

cyclic shifts of a basic length-127M-sequence [66] {x}¼x(0), x(1),…, x(126) generated

according to the recursive formula (see Fig. 16.3).

x nð Þ ¼ x n� 7ð Þ ⨁ x n� 3ð Þ

xn(0)

xn(1)

xn(126)

xn(2)

xn(125)

Fig. 16.2 PSS structure.

D D D D D D D
x(n+3) x(n+2) x(n+1) x(n)x(n+4)x(n+5)x(n+6)x(n+7)

Initial value: [x(6) x(5) x(4) x(3) x(2) x(1) x(0)] = [1 1 1 0 1 1 0]

Fig. 16.3 Generation of basic M-sequence from which three different PSS sequences are derived.
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By applying different cyclic shifts to the basic M-sequence x(n), three different PSS

sequences x0(n), x1(n) and x2(n) can be generated according to

x0 nð Þ ¼ x nð Þ; x1 nð Þ ¼ x n + 43 mod 127ð Þ; x2 nð Þ ¼ x n + 86 mod 127ð Þ
Which of the three PSS sequences to use in a certain cell is determined by the physical

cell identity (PCI) of the cell. When searching for new cells, a device thus must search for

all three PSSs.

16.1.4.2 The secondary synchronization sequence (SSS)
Once a device has detected a PSS it knows the transmission timing of the SSS. By detect-

ing the SSS, the device can determine the PCI of the detected cell. There are 1008 dif-

ferent PCIs. However, already from the PSS detection the device has reduced the set of

candidate PCIs by a factor 3. There are thus 336 different SSSs which, together with the

already-detected PSS, provide the full PCI. Note that, since the timing of the SSS is

known to the device, the per-sequence search complexity is reduced compared to the

PSS, enabling the larger number of SSS sequences.

The basic structure of the SSS is the same as that of the PSS, that is, the SSS consists

of 127 subcarriers to which an SSS sequence is applied.

On an even more detailed level, each SSS is derived from two basic M-sequences

generated according to the recursive formulas

x nð Þ ¼ x n� 7ð Þ ⨁ x n� 3ð Þ
y nð Þ ¼ y n� 7ð Þ ⨁ y n� 6ð Þ

The actual SSS sequence is then derived by adding the two M sequences together,

with different shifts being applied to the two sequences.

xm1,m2
nð Þ ¼ x n + m1ð Þ + y n + m2ð Þ

16.2 SS burst set – Multiple SSBs in the time domain

One key difference between the SSB and the corresponding signals for LTE is the pos-

sibility to apply beam-sweeping for SSB transmission, that is, the possibility to transmit

SSBs in different, more narrow, beams in a time-multiplexed fashion (see Fig. 16.4). The

set of SSBs within a beam-sweep is referred to as an SS burst set.b Note that the SSB period

discussed in the previous section is the time between SSB transmissions within a specific

beam, that is, it is actually the periodicity of the SS burst set.

b The term SS burst set originates from early 3GPP discussions on NR when SSBs were assumed to be

grouped into SS bursts and the SS bursts then grouped into SS burst sets. The intermediate SS-burst

grouping was eventually not used but the term SS burst set for the full set of SSBs was retained.
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By applying beam-sweeping for the SSB, the coverage of a single SSB transmission

can be increased. Beam-sweeping for SSB transmission also enables receiver-side beam-

sweeping for the reception of uplink random-access transmissions as well as downlink

beam-forming for the random-access response. This will be further discussed as part of

the description of the NR random-access procedure in Chapter 17.

Although the periodicity of the SS burst set is flexible with a minimum period of 5ms

and a maximum period of 160ms, each SS burst set is always confined to a 5ms time

interval, either in the first or second half of a 10ms frame.

The maximum number of SSBs within an SS burst set is different for different fre-

quency bands.

• For frequency bands below 3GHz, there can be up to four SSBs within an SS burst set,

enabling SSB beam sweeping over up to four beams;

• For frequency bands between 3GHz and 6GHz, there can be up to eight SSBs within

an SS burst set, enabling beam sweeping over up to eight beams;

• For higher-frequency bands (FR2-1/FR2-2) there can be up to 64 SSBs within an SS

burst set, enabling beam-sweeping over up to 64 beams.

There are two reasons why the maximum number of SSBs within an SS burst set, and

thus also the maximum number of beams over which the SSB can be swept, is larger for

higher frequency bands.

• The use of a large number of beams with a corresponding more narrow beam-width is

typically more relevant for higher frequencies.

• As the absolute duration of an SSB depends on the SSB numerology, see Table 16.1, a

large number of SSBs within an SS burst set would imply a very large SSB overhead for

lower frequencies for which lower SSB numerology (15 or 30kHz) must be used.

The set of possible SSB locations in the time domain differ somewhat between different

SSB numerologies. As an example, Fig. 16.5 illustrates the possible SSB locations within

an SS-burst-set period for the case of 15kHz numerology. As can be seen, there may be

SSB transmission in any of the first four slots.c Furthermore, there can be up to two SSB

SSB #1 SSB #2 SSB #L SSB #1 SSB #2 SSB #L

SS burst set period (default 20 ms)

One SS burst set

SB #3

5 ms

Fig. 16.4 Multiple time-multiplexed SSBs within an SS-burst-set period.

c For operation below 3 GHz, the SSB can only be located within the first two slots.
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transmissions in each of these slots, with the first possible SSB location corresponding to

symbol two to symbol five and the second possible SSB location corresponding to symbol

eight to symbol eleven. Finally, note that the first and last two OFDM symbols of a slot

are unoccupied by SSB transmission. This allows for these OFDM symbols to be used for

downlink and uplink control signaling, respectively, for devices already connected to the

network. The same is true for all SSB numerologies.

It should be noted that the SSB locations outlined in Fig. 16.5 are possible SSB loca-

tions, that is, an SSB is not necessarily transmitted in all the locations outlined in Fig. 16.5.

There may be anything from one single SSB transmission up to the maximum number of

SSBs within an SS burst set depending on the number of beams over which the SSB is to

be beam-swept.

Furthermore, if less than themaximum number of SSBs is transmitted, the transmitted

SSBs do not have to be transmitted in consecutive SSB locations. Rather, any subset of the

possible set of SSB locations outlined inFig. 16.5 canbeused for actual SSB transmission. In

the case of four SSBs within an SS burst set these may, for example, be located as two SSBs

within each of the two first slots or as one SSB in each of the four slots of Fig. 16.5.

The PSS and SSS of an SSB only depend on the physical cell identity (see later). Thus,

the PSS and SSS of all SSBs within a cell are identical and cannot be used by the device to

determine the relative location of an acquired SSB within the set of possible SSB loca-

tions. For this reason, each SSB, more specifically, the PBCH, includes a “time index”

that explicitly provides the relative location of the SSB within the sequence of possible

SSB locations (see further details in Section 16.3). Knowing the relative location of the

SSB is important for several reasons:

• It makes it possible for the device to determine frame timing, see Section 16.3;

• It makes it possible to associate different SSBs, in practice different beams, with

different so called RACH occasions. This, in turn, is a prerequisite for the use of

network-side beam forming for random-access reception (see further details in

Chapter 17).

1 ms

0 1 2 3 4 5 6 7 8 9 10 11 12 13

Up to four slots (up to eight SS Bbocks)

SS-burst-set period, default = 20 ms

First SS Block Second SS Block

Fig. 16.5 Possible time-domain locations of SSB within an SS burst set for 15kHz numerology.
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Note that, similar to the discussion on the basic SSB periodicity in Section 16.1.3, the

above discussion on SS burst set and its time-domain structure is strictly speaking only

valid for the case of operation in licensed spectrum. In case of operation is unlicensed

spectrum the structure will differ somewhat, once again due to the need for some flex-

ibility in the exact SSB transmission timing taking into account the channel-access pro-

cedure for unlicensed spectrum, see further Section 20.8.2.

16.3 PBCH and MIB

While the PSS and SSS are physical signals with specific structures, the PBCH is a more

conventional physical channel on which explicit channel-coded information is transmit-

ted. The PBCH carries the so-calledmaster information block (MIB), which contains a small

amount of information that the device needs for the acquisition of the remaining system

information broadcast by the network.d

Table 16.2 lists the different information carried within the PBCH together with the

corresponding size in number of bits for each piece of information. Note that the infor-

mation differs slightly depending on if the carrier is operating in lower-frequency bands

(FR1) or higher-frequency bands (FR2). Also note that the table assumes operation in

licensed spectrum. For operation in unlicensed spectrum there are some modifications

to the PBCH information.

As already mentioned, the SSB time index identifies the SSB location within an SS

burst set. As described in Section 16.2, each SSB has a well-defined position within

an SS burst set which, in turn, is contained within the first or second half of a 5ms frame.

Table 16.2 Information carried within the PBCH.

Information Size (bits)

SSB time index 0 (FR1) / 3 (FR2)

CellBarred flag 1

Intra-frequency-reselection flag 1

DMRS Type A position 1

SIB1 numerology 1

SIB1 PDCCH configuration 8

CRB grid offset 5 (FR1)/4 (FR2)

Half-frame bit 1

System Frame Number (SFN) 10

Cyclic Redundancy Check (CRC) 24

d Some of the information on the PBCH is strictly speaking not part of the MIB, see below.
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From the SSB time index, in combination with the half-frame bit (see also below), the

device can thus determine the frame boundary.

The SSB time index is provided to the device as two parts:

� An implicit part encoded in the scrambling applied to the PBCH;

� An explicit part included in the PBCH payload.

Eight different scrambling patterns can be used for the PBCHallowing for the implicit indi-

cation of up to eight different SSB time indices. This is sufficient for operation in lower fre-

quency bands (FR1) where there can be at most eight SSBs within an SS burst set.e

For operation in the higher NR frequency range (FR2) there can be up to 64 SSBs

within an SS burst set, implying the need for three additional bits to indicate the SSB time

index. These three bits, which are thus only needed for operation above 10GHz, are

included as explicit information within the PBCH payload.

The CellBarred and Intra-frequency-reselection flags are related to whether or not devices

are allowed to access cells

• The CellBarred flag indicates whether or not devices are allowed to access the

specific cell;

• Assuming devices are not allowed to access the cell, that is, the CellBarred flag set to

TRUE, the Intra-frequency-reselection flag indicates whether or not access is allowed

to other cells on the same frequency.

If detecting that a cell is barred and that access to other cells on the same frequency is not

allowed, a device can and should immediately reinitiate cell search on a different carrier

frequency.

It may seem strange to deploy a cell and then prevent devices from accessing it. His-

torically this kind of functionality has been used to temporarily prevent access to a certain

cell during maintenance. However, the functionality has additional usage within NRdue

to the possibility for non-standalone NR deployments for which devices should access

the network via an associated LTE carrier. By setting the CellBarred flag to TRUE for

the NR carrier in an NSA deployment, the network prevents NR devices from trying to

access the system via the NR carrier.

The DMRS Type A position indicates the time-domain position of the first DMRS

symbol assuming DMRS Mapping Type A (see Section 9.11).

The SIB1 numerology provides information about the subcarrier spacing used for the

transmission of SIB1 (see Section 16.5). The same numerology is then also used forMes-

sage 2/4 and Message B that are part of the NR random-access procedures (see

Chapter 17). For each of FR-1 and FR-2-1 there are two possible SIB1 numerologies

e Only up to four SSBs for operation below 3GHz.
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(15/30kHz for FR1 and 60/120kHz for FR2-1 while, for FR2-2, the SIB1 numerology

is always the same as the SSB numerology.f Thus, one bit is sufficient to signal the SIB1

numerology.

The SIB1 PDCCH configuration provides information about the search space, corre-

sponding CORESET, and other PDCCH-related parameters that a device needs in

order to monitor for scheduling of SIB1, see Section 16.5.

TheCRB grid offset provides information about the frequency offset between the SSB

and the common resource block grid. As discussed in Section 16.1.2, the frequency-

domain position of the SSB relative to the carrier is flexible and does not even have

to be aligned with the carrier CRB grid. However, for SIB1 reception, the device needs

to know the CRB grid. Thus, information about the frequency offset between the SSB

and the CRB grid must be provided within the PBCH in order to be available to devices

prior to SIB1 reception.

Note that the CRB grid offset only provides the offset between the SSB and the CRB

grid. Information about the absolute position of the SSB within the overall carrier is then

provided within SIB1.

The half-frame bit indicates if the SSB is located in the first or second 5ms part of a

10ms frame. As mentioned earlier, the half-frame bit, together with the SSB time index,

allows for a device to determine the cell frame boundary.

Although all the information above is carried within the PBCH and is jointly channel

coded and CRC-protected, some of the information is strictly speaking not part of the

MIB. The MIB is assumed to be the same over an 80ms time interval (eight frames) as

well as for all SSBs within an SS burst set. Thus, the SSB time index, which is inherently

different for different SSBs within an SS burst set, the half-frame bit and the four least sig-

nificant bits of the SFN are PBCH information that is formally carried outside of theMIB.

16.4 Cell-defining and non-cell-defining SSBs

Fundamentally, the SSB is, as described above, used to obtain time/frequency synchro-

nization and acquisition of (parts of) system information. This is essential to access a sys-

tem and for the terminal to transfer from idle to connected mode. However, the SSB is

also used once the terminal is in connected mode with neighboring cell mobility mea-

surements as one example hereof. It is also useful as a QCL root for several other signals.

Typically, antenna ports assume QCL with the SSB unless configured otherwise. In the

latter cases, when the device already is connected to the network, there is no (or very

limited) need for system information and an SSB without an accompanying SIB1 is suf-

ficient. Thus, it is possible to indicate that no SIB1 is present by setting the CRB grid

f The same is true for operation in unlicensed spectrum, in which case the “SIB1 numerology” bit is used for

a completely different purpose, namely, to derive the QCL relation between SSBs, see further Chapter 20.

385Cell search and system information

https://t.me/learningnets



offset in the MIB to a “too large” value.g Clearly, an SSB without SIB1 cannot be used for

initial access and is sometimes referred to as a non-cell-defining SSB (NCD-SSB) to differ-

entiate it from a cell-defining SSB (CD-SSB) that can be used also for initial access. Idle mode

devices finding a NCD-SSBwill simply continue the cell search until an CD-SSB is found,

while a device in connected (or inactive) mode throughRRC signaling can be told to use a

NCD-SSB. Non-cell-defining SSBs can be useful, for example, when a carrier is used for

SCells only. In this case a device connects to a regular carrier, uses that as a PCell and is told

to acquire an SCell without SIB1. Another situationwhere non-cell-defining SSBs are use-

ful is when not all devices on a carrier support the full carrier bandwidth. RedCap devices,

described in Chapter 22, is one example hereof. In such cases, the network may not want

all device to camp on the cell-defining SSB but rather spread the out across the full carrier

bandwidth. This can be achieved by configuring additional non-cell-defining SSBs on the

carrier and configuring the devices to camp on one of these SSBs. In case the device need to

reacquire the system information in connected or inactive mode, they first need tomove to

the cell-defining SSB in order to obtain the MIB and SIB1.h

16.5 Providing remaining system information

System information is a joint name for all the common (non-device-specific) information

that a device needs in order to properly operate within the network. In general, the sys-

tem information is carried within different System Information Blocks (SIBs), each consist-

ing of different types of system information. Delivering the SIBs is done in different ways

depending on whether the device already is connected to the network or not:

• If the device is already connected to the network, dedicatedRRC signaling is used. An

obvious example is operation in non-standalone mode, where LTE is used for initial

access and mobility. In this case the device is obviously already connected via LTE and

system information is delivered through that connection when setting up the NR car-

rier. Another example is adding a carrier in a carrier aggregation scenario in which case

the existing NR connection is used for the dedicated RRC signaling.

• If the device has no connection to the network, broadcast signaling is used. This is the

case for standalone operation when the device is in idle mode and has no valid system

information.

Broadcasting of system information is used also in LTE but NR takes this approach one

step further. In LTE, all system information is periodically broadcast over the entire cell

area making it always available but also implying that it is transmitted even if there is no

device within the cell.

g In this case, the SIB1 configuration field indicates where in frequency the device may find a CD-SSB.
h It is possible to use paging to indicate to connected-mode devices that system information has been updated

and needs to be reacquired.
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For NR, a different approach has been adopted where the system information,

beyond the very limited information carried within the MIB, is divided into two parts.

SIB1 consists of the system information that a device needs to know before it can

access the system. SIB1 is always periodically broadcast over the entire cell area. One

important task of SIB1 is to provide the information a device needs to be able to carry

out an initial random access (see Chapter 17).

SIB1 is provided by means of ordinary scheduled PDSCH transmissions with a period-

icity of 160ms. As described earlier, the PBCH/MIB provides information about the

numerologyused for SIB1 transmission aswell as the search space and correspondingCOR-

ESETused for scheduling of SIB1.TheSIB1 configuration field in theMIB is used as an index

into predefined tables.There aremultiple tables provided in the specifications depending the

frequency band. From the appropriate table, information on the CORESET is obtained.

Within that CORESET, referred to as CORESET#0, the device thenmonitors for sched-

uling of SIB1 which is indicated by a special System Information RNTI (SI-RNTI).

The location of CORESET#0 and the search space is given relative to the detected SSB

by the tables. Three different possibilities for multiplexing SSB and CORESET#0 are pos-

sible, see Fig. 16.6, although not all multiplexing patterns are available in all frequency bands.

Pattern 1 is used in FR1.The size of CORESET#0 is signaled such that it fits within the

carrier bandwidth; the smallest CORESET#0 size if around 5MHz and the largest 20MHz

which are reasonable values for the lower frequency bands. It alsomeans that around 5MHz

is the smallest possible carrier bandwidth as the CORET#0 would not fit otherwise.

Patterns 2 and 3 are intended for FR2, although pattern 1 can also be used. The reason

for patterns 2 and 3 is to allow for efficient beam sweeping for SSB and system informa-

tion delivery. By frequency multiplexing the SSB and CORESET#0, the duration in

time can be reduced, and hence more rapid beam sweeping can be supported, at the price

of requiring a wider minimum carrier bandwidth.

Scheduling of SIB1 on the PDSCH is done using a PDCCHwith the SI-RNTI in one

of the search spaces using CORESET#0. However, as discussed in Chapter 7, data
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Fig. 16.6 Multiplexing of SSB, CORESET#0, and PDSCH for SIB1.
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transmission in NR uses the concept of bandwidth parts. Multiple bandwidth parts can be

configured, but at least one is needed in order to receive data. The initial downlink band-

width part therefore equals the resource blocks covered by CORESET#0. This allows an

initial downlink bandwidth part of up to 96 resource blocks, depending on the frequency

band and subcarrier spacing. Although additional bandwidth parts can be configured once

the device is connected, a single bandwidth part is in many cases sufficient. In such cases, it

should preferably cover the full carrier bandwidth. It is therefore possible to signal the initial

downlink bandwidth part in SIB1, thereby avoiding being limited by the relatively limited.

The remaining SIBs, not including SIB1, consist of the system information that a device

does not need to know before accessing the system. These SIBs can also be periodically

broadcast similar to SIB1, in which case SIB1 includes information about exactly when

and how the remaining SIBS are being transmitted. Alternatively, these SIBs can be trans-

mitted on demand, that is, only transmittedwhen explicitly requested by a connected device.

This implies that the network can avoid periodic broadcast of these SIBs in cells where no

device is currently camping, thereby allowing for enhanced network energy performance.

Table 16.3 lists all the currently (in release 17) defined SIBs together with an indica-

tion of what kind of information is contained within each SIB.

Table 16.3 System Information Blocks (SIBs) and their content.

SIB Information

SIB1 General information about the cell including identities of the networks supported

by the cell (in case of network sharing) and information about how to access the

cell, for example, information related to random access. Also provides information

about the scheduling of remaining broadcast SIBs.

SIB2 Information related to cell re-selection in general

SIB3 Information specifically related to intra-frequency cell re-selection

SIB4 Information specifically related to inter-frequency cell re-selection

SIB5 Information specifically related to inter-RAT cell re-selection

SIB6/7 Information related ETWS (Earthquake and Tsunami Warning System)

SIB8 Information related CMAS (Commercial Mobile Alert Service)

SIB9 Information related to GPS time and Coordinated Universal Time (UTC)

SIB10 The names, formally referred to as the HRNNs orHuman Readable Network Names,

of non-public networks (NPNs) announced in SIB 1

SIB11 Information related to idle/inactive mode measurements

SIB12 Information related for NR sidelink communication (see Chapter 26)

SIB13/14 Information related to LTE sidelink communication under NR coverage

SIB15 Information related to disaster roaming

SIB16 Information related to slice-based cell re-selection

SIB17 Information about TRS resources (see Section 8.1.7) for idle/in-active UEs

SIB18 Information related to access to NPNs by means of downloaded credentials

SIB19 Information related to Non-Terrestrial Networks (see Chapter 25)

SIB20–21 Information related to multicast/broadcast services (see Chapter 23)
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CHAPTER 17

Random access

In most cases, an NR uplink transmission takes place using a dedicated resource that is

assigned by the network/cell for that specific transmission. As a consequence, there is no

risk for collision with transmissions from other devices within the cell. This is true for

scheduled data transmission on PUSCH as well as for control signaling on PUCCH.

It is also true for the transmission of sounding-reference signals SRS.

Note that when we say that there is a dedicated resource assigned for an uplink trans-

mission, this does not necessarily mean that uplink transmissions from different devices

take place on non-overlapping time/frequency resources. As an example, PUCCH

transmissions from different devices may, in some cases, share the same time/frequency

resource with the transmissions instead being separated by means of different sequences.

The same is true for SRS transmissions, see Chapter 8. Different uplink transmissions may

also be separated in the spatial domain by means of multiple receive antennas. In such

case, the spatial separation is typically enabled by using different demodulation reference

signals (DM-RS) for the different transmissions, allowing the network to estimate the

channel from each device separately without being interfered by DM-RS transmissions

by other devices. Based on these channel estimates, the receiver can utilize the multiple

receive antennas to separate the different overlapping transmissions. In this case, one is

sometimes referring to the different DM-RS as different DM-RS resources.

In most cases, the transmission timing of an uplink transmission is also controlled by

the network, in a closed-loop manor, to ensure that different uplink transmissions are

received within a narrow time window, see Section 15.2.

However, in case of a device making an initial access to the network from the idle/

inactive state, there is not yet any connection by which a dedicated resource can be

assigned for the initial transmission from the device. Rather, the device must make

the initial transmission on an uplink resource that is shared with other devices, that is,

a resource on which there may be a collision if multiple devices, by chance, happens

to use the resource at the same time.

Furthermore, at initial access there is no way for the network to accurately control the

transmission timing of the device based on previously received transmissions. Rather,

the device transmission timing can only be determined by the transmitting device itself

based on the timing of broadcast signals received from the network, in the NR case the

received timing of the SSB. The receive timing of the uplink transmissions will then have

an uncertainty of at least two times the propagation time. This has two impacts
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• Except for the case of very small cells, the maximum misalignment between signals

received from different devices may exceed the cyclic prefix. The frequency-domain

orthogonality between neighbor OFDM subcarriers will then no longer be retained,

leading to inter-user interference or the need for extra guardbands.

• Additional guard times may be needed to avoid overlap, and corresponding interfer-

ence, between received signals transmitted within different time-domain resources.

The random-access procedure is specifically designed to handle this situation of collision risk

and lack of accurate timing control. The basic NR random-access procedure consists of

four steps, see also Fig. 17.1.

• Step 1: Device transmission of a preamble, also referred to as the physical random-access

channel (PRACH). The preamble is specifically designed for relatively low-complexity

reception despite a lack of accurate timing control. As described further below, the

preamble transmission may be carried out repeatedly with stepwise increased transmit

power until a random-access response is received (Step 2).

• Step 2: Network transmission of a random-access response (RAR) indicating reception of

the preamble and providing a time-alignment command adjusting the transmission

timing of the device based on the timing of the received preamble.

• Steps 3/4: Device and network exchange of messages (uplink “message 3” and subse-

quent downlink “message 4”) with the aim of resolving potential collisions, also

referred to as contention resolution, due to simultaneous transmission of the same

preamble from multiple devices.

In the more detailed description of the NR random-access procedure given here we will

assume the initial-access scenario. However, as will be discussed further in Section 17.5,

the NR random-access procedure can also be used in other situations such as

• During handover, when synchronization needs to be established to a new cell.

• To reestablish uplink synchronization to the current cell if synchronization has been lost

due to, for example, a too long period without any uplink transmission from the device.

Device Network

Preamble (PRACH)

RA Response (RAR)

“Message 3” 

“Message 4”
Collision

resolution

Fig. 17.1 Four-step random-access procedure.
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• To request uplink scheduling if no dedicated scheduling-request resource has been

assigned to the device.

• To request the transmission of non-broadcast system information as was briefly dis-

cussed already in Chapter 16.

Parts of the basic random-access procedure are also used within the beam-recovery proce-

dure (see Section 12.3).

Note that, in some of these situations, a device can actually by configured with a ded-

icated resource, in practice with a dedicated preamble, for the random-access transmis-

sion. In this case one is talking about contention-free random access (CFRA), in contrast to

the contention-based random access (CBRA) carried out using a common resource, in prac-

tice a preamble, shared with other users devices.

17.1 Step 1 – Preamble transmission

As mentioned, the random-access preamble is also referred to as the physical random access

channel, indicating that, in contrast to steps 2–4 of the random-access procedure, the pre-

amble transmission (step 1) corresponds to a special physical channel.

17.1.1 RACH configuration and RACH resources
The details of the preamble transmission are given by the random-access configuration pro-

vided as part of SIB1. The random-access configuration, for example, provides informa-

tion about the time/frequency resources in which preamble transmission can take place

within a cell. It also provides information about what preambles are available within a cell

as well as parameters related to the preamble transmit power. The RACH configuration

also provides the mapping from SSB indices to RACH occasions, something which is a

critical for the initial beam establishment in case of operation in mm-wave spectrum, see

also Chapter 12.

Due to the lack of detailed transmission-timing control for the preamble transmission

there is an uncertainty in terms of when the preamble is received at the target cell. The

range of this uncertainty depends on the maximum propagation delay within the cell. For

cell sizes in the order of a few hundred meters, this uncertainty will be in the order of few

microseconds. However, for large cells the uncertainty could be in the order of 100 μs or
even more.

In general, it is up to the network scheduler to ensure that there are no other trans-

missions in the uplink resources in which preamble may be received. When doing this,

the network needs to take the uncertainty in the preamble reception timing into account.

In practice the scheduler needs to provide an extra guard time that captures this uncer-

tainty (see Fig. 17.2). Note that the presence of the guard time is not part of the NR

specifications but just a result of scheduling restrictions. Consequently, different guard
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times can easily be provided to match different uncertainties in the preamble reception

timing, for example, due to different cell sizes.

Fig. 17.3 illustrates the structure of the overall RACH resource, that is, the time/

frequency resource in which preamble transmission can take place. Within a cell, pream-

ble transmission can take place within a configurable subset of slots (the RACH slots)

within a specific frame. The set of RACH slots is then repeated every Nth frame where

N can range fromN¼1, that is, there are RACH slots in every frame, toN¼16 (RACH

slots in every 16th frame). The number of RACH slots within a frame can range from one

to eight depending on the cell RACH configuration.

Furthermore, within the RACH slots there may be multiple frequency-domain

RACH occasions jointly covering K �M consecutive resource blocks, where M is the size

of a frequency-domain RACH occasion, that is, the size of the frequency resource

assigned for each preamble measured in number of resource blocks and K is the number

of frequency-domain RACH occasions. Thus, up to K preamble transmissions from

different devices can be frequency multiplexed within one RACH slot.

The size of a frequency-domain RACH occasion, given by M, depends on the

preamble type (longvs. shortpreambles, see below). Furthermore, aswill also be seenbelow,

the actual number of subcarriers for a given preamble does not fullymatch an integer num-

ber of resource blocks, implying that the number of subcarriers for a frequency-domain

Device #1 Device #2

Preamble #1

Preamble #2

Other
transmissions

Timing of preamble recep�on

Time assigned for preamble recep�on

Guard �me

Fig. 17.2 Guard-time needs for preamble transmission.

RACH-configura�on periodicity (N frames)

One frameRACH slots

Fig. 17.3 Overall RACH resource consisting of a set of consecutive resource blocks within a set of RACH
slots and where the slot pattern repeats every RACH-configuration period.
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RACHoccasion is somewhat larger than the actual number of subcarriers of the preamble

transmitted within the RACH occasion.

For a given preamble type, corresponding to a certain preamble bandwidth, the over-

all available time/frequency RACH resource within a cell can thus be described by:

• A configurable RACH periodicity that can range from 10ms up to 160ms.

• A configurable set of RACH slots within the RACHperiod (all within the same frame).

• A configurable frequency-domain RACH resource given by the index of the first

resource block in the resource and the number of frequency-multiplexed RACH

occasions.

As we will see, depending on the exact set of preambles used in a cell, there may also be

multiple RACH occasions in the time domain within a RACH slot.

17.1.2 Basic preamble structure
Fig. 17.4 illustrates the basic structure for generating NR random-access preambles.

A preamble is generated based on a length-L preamble sequence p0, p1, …, pL�1 which

is DFT precoded before being applied to a conventional OFDM modulator. The pre-

amble can thus be seen as a DFTS-OFDM signal. It should be noted though that one

could equally well see the preamble as a conventional OFDM signal based on a

frequency-domain sequence P0, P1, …, PL�1 being the discrete Fourier transform of

the sequence p0, p1, …, pL�1.

The output of the OFDM modulator is then repeated N times after which a cyclic

prefix is inserted. For the preamble, the cyclic prefix is thus not inserted per OFDM sym-

bol but only once for the block of N repeated symbols.

Different preamble sequences can be used for the NR preambles. Similar to, for

example, uplink SRS, the preamble sequences are based on Zadoff-Chu sequences

[23]. As described in Section 8.3.1, for prime-length ZC sequences, which is the case

for the sequences used as a basis for the NR preamble sequences, there are L�1 different

sequences, with each sequence corresponding to a unique root-sequence index.

Different preamble sequences can be generated from different Zadoff-Chu sequences

corresponding to different root-sequence indices. However, different preamble

DFT
OFDM
mod.

Frequency-domain
preamble sequence

preamble
sequence

p0p1p2

pL-1

N
repet. CP 

N repeated symbols

Cyclic prefix

Fig. 17.4 Basic structure for generation of NR random-access preamble.
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sequences can also be generated from different cyclic shifts of the same root sequence. As

described in Section 8.3.1, such sequences are inherently orthogonal to each other.

However, this orthogonality is retained at the receiver side only if the relative cyclic shift

between two sequences is larger than any difference in their respective receive timing.

Thus, in practice only a subset of the cyclic shifts can be used to generate different pre-

ambles, where the number of available shifts depends on the maximum uncertainty in

receive timing which, in turn, depends on the cell size. For small cell sizes a relatively

large number of cyclic shifts can be used while, larger cells, only a small number of cyclic

shifts may be possible to use.

The set of cyclic shifts that can be used within a cell is given by the so-called

zero-correlation-zone parameter which is part of the cell random-access configuration

provided within SIB1. In practice, the zero-correlation-zone parameter points to a

specified table where each row corresponds to the set of cyclic shifts available for a given

zero-correlation-zone parameter. The name “zero-correlation zone” comes from the

fact that the different zero-correlation-zone parameter are associated with cyclic-shift

sets with different distances between the cyclic shifts, thus providing larger or smaller

“zones” in terms of timing misalignment for which orthogonality (¼zero correlation) is

retained.

Within a cell there can be up to 64 different preambles available, with each preamble

identified by a preamble index in the range 0 to 63. The specific preambles available in a cell

are given by a root-sequence index provided as part of the cell RACH configuration.

The up to 64 different preambles are generated by first using all the possible cyclic shifts,

constrained by the zero-correlation zone, of the root sequence defined by the provided

root-sequence index. If a sufficient number of preambles cannot be generated, that is, if

sufficiently many cyclic shifts are not available with the given zero-correlation zone,

additional preambles are generated from cyclic shifts of the next root sequence. This

may then proceed with yet another root sequence until the required up to 64 preambles

are generated.

As we will see, not all of the up to 64 preambles available in a cell may be used

for normal contention-based random access. If so, the remaining preambles can be

used for contention-free random access, for example for mobility/handover, see

Section 17.5.

17.1.3 Long vs. short preambles
NR defines two types of preambles, referred to as long preambles and short preambles,

respectively. As the name suggests, the two preamble types differ in terms of the length

of the preamble sequence (the parameter L). They also differ in the numerology (subcar-

rier spacing) used for the preamble transmission. The type of preamble is part of the cell

random-access configuration, that is, within a cell only one type of preamble can be used

for initial access.
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17.1.3.1 Long preambles
Long preambles are based on a sequence length L¼839 and a subcarrier spacing of either

1.25kHz or 5kHz. The long preambles thus use a numerology different from any other

NR transmissions. The long preambles originate from the preambles used for LTE random-

access [26]. Long preambles can only be used for frequency bands below 6GHz (FR1).

As illustrated in Table 17.1 there are four different formats for the long preamble

where each format corresponds to a specific numerology (1.25kHz or 5kHz), a specific

number of repetitions (the parameter N in Fig. 17.4), and a specific length of the cyclic

prefix. The preamble format is part of the cell random-access configuration, that is, each

cell is limited to a single preamble format. It could be noted that the two first formats of

Table 17.1 are identical to the LTE preamble formats 0 and 3 [14].

In the previous section it was described how the overall RACH resource consists of a

set of slots and resource blocks in the time-domain and frequency-domain, respectively.

For long preambles, which use a numerology that is different from other NR

transmissions, the slot and resource block should be seen from a 15kHz numerology

point-of-view. In the context of long preambles, a slot thus has a length of 1ms, while

a resource-block has a bandwidth of 180kHz. A long preamble with 1.25kHz numer-

ology thus occupies six resource blocks in the frequency domain, while a preamble with

5kHz numerology occupies 24 resource blocks.

It can be observed that preamble format 1 and preamble format 2 in Table 17.1 cor-

respond to a preamble length that exceeds a slot. This may appear to contradict the

assumption of preamble transmissions taking place in RACH slots of length 1ms as dis-

cussed in Section 17.1.1. However, the RACH slots only indicate the possible starting

positions for preamble transmission. If a preamble transmission extends into a subsequent

slot, this only implies that the scheduler needs to ensure that no other transmissions take

place within the corresponding frequency-domain resources within that slot.

17.1.3.2 Short preambles
Short preambles are based on a sequence length L¼139 and use a subcarrier spacing

aligned with the normal NR subcarrier spacing. More specifically, short preambles

use a subcarrier spacing of:

• 15kHz or 30kHz in the case of operation below 6GHz (FR1).

• 60kHz or 120kHz in the case of operation in the higher NR frequency bands (FR2).

Table 17.1 Preamble formats for long preambles.

Format Numerology (kHz)
Number of
repetitions CP length (μs)

Preamble length
(not incl. CP) (μs)

0 1.25 1 �100 800

1 1.25 2 �680 1600

2 1.25 4 �15 3200

3 5 1 �100 800
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In the case of short preambles, the RACH resource described in Section 17.1.1 is based

on the same numerology as the preamble. A short preamble thus always occupies 12

resource blocks in the frequency domain regardless of the preamble numerology.

Table 17.2 lists the preamble formats available for short preambles. The labels for the

different preamble formats originate from the 3GPP standardization discussions during

which an even larger set of preamble formats were discussed. The table assumes a pre-

amble subcarrier spacing of 15kHz. For other numerologies, the length of the preamble

as well as the length of the cyclic prefix scale correspondingly, that is, with the inverse of

the subcarrier spacing.

The short preambles are, in general, shorter than the long preambles and often span

only a few OFDM symbols. In most cases it is therefore possible to have multiple pre-

amble transmissions multiplexed in time within a single RACH slot. In other words, for

short preambles there may not only be multiple RACH occasions in the frequency

domain but also in the time domain within a single RACH slot (see Table 17.3).

It can be noted that Table 17.3 includes columns labeled A1/B1, A2/B2, and A3/B3.

These columns correspond to the use of a mix of the “A” and “B” formats of Table 17.2

where the A format is used for all except the last RACH occasion within a RACH slot.

Note that the A and B preamble formats are identical except for a somewhat shorter cyclic

prefix for the B formats.

Table 17.2 Preamble formats for short preambles.

Format
Number of
repetitions CP length (μs)

Preamble length
(not incl. CP) (μs)

A1 2 9.4 133

A2 4 18.7 267

A3 6 28.1 400

B1 2 7.0 133

B2 4 11.7 267

B3 6 16.4 400

B4 12 30.5 800

C0 1 40.4 66.7

C2 4 66.7 267

Table 17.3 Number of RACH time-domain occasions within a RACH slot for short preambles.

A1 A2 A3 B1 B4 C0 C2 A1/B1 A2/B2 A3/B3

Number of

RACH occasions

6 3 2 7 1 7 2 7 3 2
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For the same reason there are no explicit formats B2 and B3 in Table 17.3 as these

formats are always used in combination with the corresponding A formats (A2 and

A3) according to the above.

17.1.3.3 “Short” preambles for unlicensed spectrum
As will be described in Chapter 20, release 16 extendedNRwith support for operation in

unlicensed spectrum. As part of this, additional preamble types where introduced. These

preambles have the same structure as the short preambles discussed above but with a dif-

ferent sequence length L, more specifically sequence lengths L¼571 and L¼1151.

There are some restrictions on the combinations of preamble lengths and subcarrier spac-

ings that can be used as not all combinations are needed in practice.a

The larger sequence lengths imply a corresponding wider preamble bandwidth. The

reason for introducing these more wideband preambles is to be able to provide sufficient

preamble transmit power despite the limitations in allowed transmit power density

(W/Hz) in case of operation in unlicensed spectrum,

17.1.4 Mapping from SSB indices to RACH occasions and preambles
As described in the previous chapter, there are multiple SSB transmissions within an SSB

burst set, where each SSB transmission associated with an SSB index signaled within the

MIB/PBCH. In practice, the different SSB transmissions, or SSB indices, correspond to

different downlink beams within which SSB is transmitted.

A key feature of the NR initial access is the possibility to establish a suitable beam pair

already during the initial-access phase and to apply receiver-side analog beam-sweeping

for the preamble reception. This is enabled by the mapping from SSB index to RACH

occasions and/or preamble. As different SSB time indices in practice correspond to SSB

transmissions in different downlink beams, this means that the network, based on the

received preamble, will be able to determine the downlink beam in which the corre-

sponding device is located. This beam can then be used as an initial beam for subsequent

downlink transmissions to the device.

Furthermore, if the association between SSB time index and RACH occasion is such

that a given time-domain RACH occasion corresponds to one specific SSB time index,

the network will know when, in time, preamble transmission from devices within a spe-

cific downlink beam will take place. Assuming beam correspondence, the network can

then focus the uplink receiver beam in the corresponding direction for beam-formed

preamble reception. In practice this implies that the receiver beam will be swept over

the coverage area synchronized with the corresponding downlink beam sweep for the

SSB transmission.

a L¼139 can be used with subcarrier spacings of 15, 30, 60, 120, 480, and 960kHz; L¼571 can be used with

30, 120, and 480kHz; and L¼1151 can be used with 15 and 120kHz.
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Note that beam-sweeping for preamble transmission is only relevant when analog

beam forming is applied at the receiver side. If digital beam-forming is applied, beam-

formed preamble reception can be done from multiple directions simultaneously.

To associate a certain SSB time index with a specific random-access occasion and a

specific set of preambles, the random-access configuration of the cell specifies the number

of SSB time indices per RACH time/frequency occasion. It also specifies the number of

preambles per SSB time index.

The number of SSB time indices per RACH time/frequency can be larger than one,

indicating that multiple SSB time indices correspond to a single RACH time/

frequency occasion. However, it can also be smaller than one, indicating that one single

SSB time index corresponds to multiple RACH time/frequency occasions.

In the latter case, each RACH occasion corresponds to a single SSB index, that is the

RACH occasion in itself indicates the SSB index. In this case, each SSB index can be

mapped to the same set of preambles.

In contrast, in the former case, each RACH occasion corresponds to multiple SSB

indices and these different SSB indices are mapped to different sets of preambles.

The mapping from SSB time indices to RACH occasions in the following order:

• First in the frequency domain.

• Then in the time domain within a slot, assuming the preamble format configured for

the cell allows for multiple time-domain RACH occasions within a slot (only relevant

for short preambles).

• Finally in the time domain between RACH slots.

Fig. 17.5 exemplifies the association between SSB time indices and RACH occasions

under the following assumptions:

• Two RACH frequency occasions.

• Three RACH time occasions per RACH slot.

• Each SSB time index associated with four RACH occasions.

RACH slot #0 RACH slot #1

: One RACH occasion

Fig. 17.5 Association between SSB time indices and RACH occasions assuming (example).

398 5G/5G-Advanced

https://t.me/learningnets



17.1.5 Preamble power control and power ramping
As discussed above, preamble transmission will take place with a relatively large uncer-

tainty in the required preamble transmit power. Preamble transmission therefore includes

a power-ramping mechanism where the preamble may be repeatedly transmitted with a

transmit power that is increased between each transmission.

The device selects the initial preamble transmit power based on estimates of the

downlink path loss in combination with a target received preamble power configured

by the network. The path loss should be estimated based on the received power of

the SS block that the device has acquired and from which it has determined the RACH

resource to use for the preamble transmission. This is aligned with an assumption that if

the preamble transmission is received by means of beam-forming the corresponding SS

block is transmitted with a corresponding beam-shape. If no random-access response (see

below) is received within a predetermined window, the device can assume that the pre-

amble was not correctly received by the network, most likely due to the fact that the

preamble was transmitted with too low power. If this happens, the device repeats

the preamble transmission with the preamble transmit power increased by a certain con-

figurable offset. This power ramping continues until a random-access response has been

received or until a configurable maximum number of retransmissions has been carried

out, alternatively a configurable maximum preamble transmit power has been reached.

In the two latter cases, the random-access attempt is declared as a failure.

17.1.6 Preamble transmission in case of NTN
For so-called non-terrestrial networks or NTN (see Chapter 25), the propagation time is

much too long for it to be handled by a guard time as discussed in Section 17.1.6. Rather,

in the case of NTN, the device is assumed to be able to estimate the propagation time and

compensate for it at the transmitter side, see Chapter 25 for more details.

17.2 Step 2 – Random-access response

Once a device has transmitted a random-access preamble, it waits for a random-access

response, that is, a response from the network that it has properly received the preamble.

The random-access response is transmitted as a conventional downlink PDCCH/

PDSCH transmission with the corresponding PDCCH transmitted within the common

search space.

The random-access response includes the following:

• The index of the random-access preamble the network detected and for which the

response is valid.

• A timing correction calculated by the network based on the preamble receive timing.

The device should update the uplink transmission timing according to the correction

before further uplink transmissions.
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• A scheduling grant, indicating what resource the device should use for the transmission

of the subsequent message 3 (see below).

• A temporary identity, the TC-RNTI, used for further communication between the

device and the network.

If the network detects multiple random-access attempts (from different devices), the indi-

vidual response messages can be combined in a single transmission. Therefore, the response

message is scheduled on theDL-SCHand indicatedon aPDCCHusing an identity reserved

for random-access response, theRA-RNTI. The use of theRA-RNTI is also necessary as a

device may not have a unique identity in the form of a C-RNTI allocated. All devices that

have transmitted a preamble monitor the L1/L2 control channels for random-access

responsewithin a configurable timewindow.The timingof the responsemessage isnot fixed

in the specification in order to be able to respond tomany simultaneous accesses. It also pro-

vides some flexibility in the base-station implementation. If the device does not detect a

random-access response within the time window, the preamble will be retransmitted with

higher power according to the preamble power ramping described above.

As long as the devices that performed random access in the same resource used dif-

ferent preambles, no collision will occur and from the downlink signaling it is clear to

which device(s) the information is related. However, there is a certain probability of con-

tention – that is, multiple devices using the same random-access preamble at the same

time. In this case, multiple devices will react upon the same downlink response message

and a collision occurs. Resolving these collisions is part of the subsequent steps, as

discussed below.

Upon reception of the random-access response, the device will adjust its uplink trans-

mission timing and continue to the third step. If contention-free random access using a

dedicated preamble is used, then this is the last step of the random-access procedure as

there is no need to handle contention in this case. Furthermore, the device already

has a unique identity allocated in the form of a C-RNTI.

In the case of downlink beam-forming, the random-access response should follow the

beam-forming used for the SS block which was acquired during the initial cell search.

This is important as the device may use receive-side beam-forming and it needs to know

how to direct the receiver beam. By transmitting the random-access response using the

same beam as the SS block, the device knows that it can use the same receiver beam as

identified during the cell search.

17.3 Step 3/4 – Contention resolution

17.3.1 Message 3
After the second step, the uplink of the device is time synchronized. However, before

user data can be transmitted to/from the device, a unique identity within the cell, the
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C-RNTI, must be assigned to the device (unless the device already has a C-RNTI

assigned). Depending on the device state, there may also be a need for additional message

exchange for setting up the connection.

In the third step, the device transmits the necessary messages to the gNB using the

UL-SCH resources assigned in the random-access response in the second step.

An important part of the uplink message is the inclusion of a device identity, as this

identity is used as part of the contention-resolution mechanism in the fourth step. If the

device is already known by the radio-access network, that is, in RRC_CONNECTED

or RRC_INACTIVE state, the already assigned C-RNTI is used as the device identity.b

Otherwise, a core-network device identifier is used and the gNB needs to involve the

core network prior to responding to the uplink message in step 4 (see following content).

17.3.2 Message 4
The last step in the random-access procedure consists of a downlink message for conten-

tion resolution. Note that, from the second step, multiple devices performing simulta-

neous random-access attempts using the same preamble sequence in the first step

listen to the same response message in the second step and therefore have the same tem-

porary identifier. Hence, the fourth step in the random-access procedure is a contention-

resolution step to ensure that a device does not incorrectly use another device’s identity.

The contention resolution mechanism differs somewhat depending on whether the

device already has a valid identity in the form of a C-RNTI or not. Note that the network

knows from the uplink message received in step 3 whether the device has a valid

C-RNTI or not.

If the device already had a C-RNTI assigned, contention resolution is handled by

addressing the device on the PDCCH using the C-RNTI. Upon detection of its

C-RNTI on the PDCCH the device will declare the random-access attempt successful

and there is no need for contention-resolution-related information on the DL-SCH.

Since the C-RNTI is unique to one device, unintended devices will ignore this PDCCH

transmission.

If the device does not have a valid C-RNTI, the contention resolution message is

addressed using the TC-RNTI and the associated DL-SCH contains the contention-

resolutionmessage. The device will compare the identity in the message with the identity

transmitted in the third step. Only a device which observes a match between the

identity received in the fourth step and the identity transmitted as part of the third step

will declare the random-access procedure successful and promote the TC-RNTI from

the second step to the C-RNTI. Since uplink synchronization has already been estab-

lished, hybrid ARQ is applied to the downlink signaling in this step and devices with

b The device identity is included as a MAC control element on the UL-SCH.
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a match between the identity they transmitted in the third step and the message received

in the fourth step will transmit a hybrid-ARQ acknowledgment in the uplink.

Devices that do not detect PDCCH transmission with their C-RNTI or do not find a

match between the identity received in the fourth step and the respective identity trans-

mitted as part of the third step are considered to have failed the random-access procedure

and need to restart the procedure from the first step. No hybrid-ARQ feedback is trans-

mitted from these devices. Furthermore, a device that has not received the downlink

message in step 4 within a certain time from the transmission of the uplink message in

step 3 will declare the random-access procedure as failed and need to restart from the

first step.

17.4 Random access for supplementary uplink

Section 7.7 discussed the concept of supplementary uplink (SUL), that is, that a downlink

carrier may be associated with two uplink carriers (the non-SUL carrier and the SUL

carrier) where the SUL carrier is typically located in lower-frequency bands thereby pro-

viding enhanced uplink coverage.

That a cell is an SUL cell, that is, includes a complementary SUL carrier, is indicated as

part of SIB1. Before initially accessing a cell, a device will thus know if the cell to be

accessed is an SUL cell or not. If the cell is an SUL cell and the device supports SUL

operation for the given band combination, initial random-access may be carried out using

either the SUL carrier or the non-SUL uplink carrier. The cell system information pro-

vides separate RACH configurations for the SUL carrier and the non-SUL carrier and a

device capable of SUL determines what carrier to use for the random-access by compar-

ing the measured RSRP of the selected SS block with a carrier-selection threshold also pro-

vided as part of the cell system information.

• If the RSRP is above the threshold, random-access is carried out on the non-SUL

carrier.

• If the RSRP is below the threshold, random access is carried out on the SUL carrier.

In practice the SUL carrier is thus selected by devices with a (downlink) pathloss to the

cell that is larger than a certain value.

The device carrying out a random-access transmission will transmit the random-

access message 3 on the same carrier as used for the preamble transmission.

For other scenarios when a device may do a random access, that is, for devices in con-

nected mode, the device can be explicitly configured to use either the SUL carrier or the

non-SUL carrier for the uplink random-access transmissions.

17.5 Random access beyond initial access

As already mentioned in the introduction to this chapter, the NR random-access pro-

cedure is not only used when a device is initially accessing the network from the
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idle/inactive state. This section will briefly discuss some other situations when the

random-access procedure can be applied.

17.5.1 Random access at handover
When a device in connected state is to make a handover to a new cell it may not yet be

sufficiently well synchronized to that cell. This is especially the case in an asynchronous

network deployment where the cells are not tightly synchronized to each other. In such a

case, the device accesses the new cell by first carrying out a random access to establish

synchronization and an RRC connection to the cell. In this case of an already connected

device doing a random access, the device may be assigned a dedicated preamble index,

corresponding to a specific preamble sequence and/or a specific sequence shift, to use for

the random access to the new cell. The random access to the new cell will then be

contention-free, avoiding the risk for collision when accessing the new cell.

Note that if the new cell consists of multiple beams with different SSBs, the actual

preamble to use, as well as the exact PRACH (time and frequency) occasion depends

on the preamble index in combination with the selected SSB index in a similar way

as for initial random access as described in Section 17.1.4.

17.5.2 Random-access for SI request
In the previous chapter it was described how system information was provided to a device

in form of system information (SI) messages. It was also described how an SI message

could be broadcast and thus always be available also for devices in idle/inactive state.

Alternatively, the SI message is not broadcast and a device in idle/inactive state has to

explicitly request its transmission by means of an SI request.

One way for a device to request the transmission of an SI message is to first enter con-

nected state by means of a conventional random access and then explicitly request the SI

message by conventional RRC signaling.c However, NR also allows for devices in idle/

inactive state to use the random-access procedure to directly request the transmission of

SI messages without the device having to enter connected state.

As described in the previous chapter, SIB1 includes information about the mapping of

the remaining System Information Blocks to SI messages, information about the trans-

mission periodicity of each SI message and whether or not the SI message is broadcast. If a

certain SI message is not broadcast, SIB1 also includes, in form of a request configuration,

a random-access configuration and a preamble index. By carrying out a random-access

with the given random-access configuration and the preamble index, the device is

directly indicating a request for SI transmission.

c Note that SIB1, which is the only SIB needed before accessing the system, is always broadcast.
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SIB1 may either provide a single request configuration valid for all non-broadcast SI

messages or separate request configurations, with different preamble indices, for each

non-broadcast SI message. In the former case, the network will, upon detection of

the SI request, transmit all non-broadcast system information while, in the latter case,

only the requested system-information message will be transmitted. The choice between

these two alternatives depends on the tradeoff between, on one hand, the overhead in

terms of RACH resources for different SI requests and, on the other hand, the overhead

of having to transmit all SI messages although, perhaps, only one specific SI message was

actually needed by the requesting device.

Once again, in case of a cell with multiple beam-formed SSBs, the preamble index (or

indices) associated with system-information request will be combined with the detected

SSB to determine the exact preamble and exact PRACH occasions, in a similar way as for

initial random access as described in Section 17.1.4.

17.5.3 Re-establishing synchronization by means of PDCCH order
If a device in connected state has been inactive, that is, not carried out any uplink trans-

mission for a certain time, the synchronization to the networkmay be lost. If the network

detects such a loss of uplink synchronization it may trigger a random access from the

device by means of a so-called PDCCH order.

The PDCCH order is provided using DCI format 1_0 with the frequency-domain

assignment set to all-ones, indicating that the DCI is not providing a downlink scheduling

assignment but rather a PDCCH order for random access. The DCI includes a dedicated

preamble index which the device should use for a contention-free random-access. It also

includes an SSB index indicating the SSB that should be used to determine the RACH

occasion for the random-access transmission.

17.6 Two-step RACH

The NR random-access procedure discussed until now consists of four steps:

• Step 1: Uplink preamble/PRACH transmission.

• Step 2: Downlink random-access-response (on PDSCH).

• Step 3/4: Uplink message-3 transmission (on PUSCH) with a corresponding network

response (message-4) to resolve collisions (on PDSCH).

This four-step random-access procedure, also referred to as four-step RACH, was intro-

duced as part of the first NR release, that is, 3GPP release 15.

A complementary two-step random-access procedure, or two-step RACH, was intro-

duced in release 16.d Somewhat simplified, the two-step random-access procedure

d In the specifications, the four-step RACH and two-step RACH are referred to as Type-1 random access and

Type-2 random access respectively.
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combines step 1 and step 3 into a single Step A. It also combines step 2 and 4 into a single

Step B. More specifically, the two-step random-access procedure consists of

• Step A: Uplink preamble/PRACH transmission together with a PUSCH data trans-

mission, jointly referred to as message A.

• Step B: A single downlink transmission (referred to as message B) indicating reception

of message A, providing time alignment and resolving any collision that may have

occurred in Step A. Alternatively, as we will see in Section 17.6.2, the message B

may include an fallback indication for fallback to four-stage RACH.

Similar to Step 1 of the four-step random-access procedure, Step A, that is, transmission

of preamble together with a message-A PUSCH, may be carried out repeatedly with

stepwise increased transmit powers until a response is received (Step B).

The main benefit of two-step RACH, compared to four-step RACH, is a shorter

random-access procedure enabling faster access. It should be noted though that this ben-

efit is quickly diminishing if message-A has to be repeated several times before being

detected by the network.

There are also additional benefits with two-step RACH in case of operation in unli-

censed spectrum (see Chapter 20) as the simultaneous transmission of preamble and

PUSCH, as well as the combination of steps 2 and 4 into a single step B, may imply a

reduced number of LBT operations with a corresponding reduction in overhead and

delay. The two-step RACH procedure is also used in conjunction with small-data trans-

mission, see Chapter 22, as a way to quickly transfer small amounts of data while the

device still remains in the inactive state.

The main drawback of two-step RACH is the extra overhead of transmitting

message-A PUSCH (corresponding to message 3 of four-step RACH) for each preamble

transmission, that is potentially multiple times, until a random-access response is received

in Step B. Also, the message-A PUSCH transmission is, in itself, somewhat less efficient

compared to message-3 PUSCH due to the lack of tight time alignment for the message-

A PUSCH transmission.

17.6.1 Two-step RACH – Step A
As described, Step A of the two-step random-access procedure consists of a preamble

transmission in combination with a PUSCH transmission.

17.6.1.1 Preamble transmission
The preamble transmission of two-step RACH is essentially identical to the preamble

transmission of four-step RACH.

• The same type of preambles is used as for four-step RACH.

• The principle of associating SSB indices with RACH occasions and preamble indices

is the same as for four-step RACH.
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TheRACHoccasions for two-stepRACHmay be configured to be the same or different

from the RACH occasions for four-step RACH. If the same random-access configura-

tion is used for four-step RACH and two-step RACH, implying the same set of RACH

occasions, the preambles for two-step RACH are taken from the set of contention-free

preambles associated with each SSB index (preambles which then becomes contention-

based preambles for two-step RACH). In this way, the network will be able to distin-

guish between contention-based preamble transmissions associated with two-step

RACH and four-step RACH respectively. This is important as the network response

to a received preamble transmission differs between two-step RACH and four-step

RACH. If the RACH occasions for two-step RACH are different from those for four-

step RACH, the same set of preambles are used for four-step and two-step RACH.

17.6.1.2 PUSCH transmission
In many respects, the message-A PUSCH transmission is like any other PUSCH trans-

mission. However, there are some differences.

• A message-A PUSCH transmission is not scheduled in the sense that the device is not

granted a dedicated resource for the transmission. Rather, as we will see below, the

resource to use for a message-A PUSCH transmission is given by the combination

of RACH occasion and preamble index selected for the corresponding preamble

transmission.

• When doing a message-A PUSCH transmission, there is not yet any closed-loop

uplink timing control. Consequently, the message-A PUSCH transmissions may

arrive with a relatively large timing misalignment relative to other uplink transmis-

sions. Extra guard times and guard bands may therefore be needed to handle intra-cell

interference to/from message-A PUSCH transmissions.

Similar to PRACH transmissions taking place in RACH occasions, message-A PUSCH

transmissions take place in PUSCH occasions, see Fig. 17.6.

In the time domain, the size of each PUSCH occasion may range from a minimum of

one symbol to a maximum of 14 symbols (three symbols assumed in Fig. 17.6). In the

PO = PUSCH Occasion

PO #0

PO #1

PO #2

PO #3

PO #4

PO #5

PO #6

PO #7

PO #8

One slot

Fig. 17.6 PUSCH occasions (POs) within a slot.
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frequency domain, the size of a PUSCH occasion may range from a minimum of one

resource block to a maximum of 32 resource blocks (five resource blocks assumed in

Fig. 17.6).

Within a slot, up to six PUSCH occasions can be multiplexed in the time domain,

with the possibility for a guard space between consecutive PUSCH occasions (three

time-multiplexed PUSCH occasions assumed in Fig. 17.6).e The length of the guard

space may range from zero symbols, that is, no guard space, up to a maximum of three

symbols (one-symbol guard space assumed in Fig. 17.6). The purpose of the guard space is

to avoid overlap, at the receiver side, between message-A PUSCH transmissions in con-

secutive PUSCH occasions, taking into account the lack of tight control of the message-

A PUSCH transmission timing.

PUSCH occasions can also be multiplexed in the frequency domain, with the pos-

sibility to configure a one-resource-block guard band between frequency-multiplexed

PUSCH occasions (guard band assumed to be configured in Fig. 17.6). Similar to the

time-domain guard symbols, the guard band may be needed to handle interference

due to the possible misalignment in terms of reception timing between message-A

PUSCH transmissions from different devices. If this misalignment exceeds the cyclic pre-

fix, frequency-domain orthogonality will not be retained, and a guard band may be

needed to avoid or at least reduce the inter-PUSCH interference.

In addition to separation in the time/frequency domain by transmission in different

PUSCH occasions, message-A PUSCH transmissions can also be separated in the spatial

domain. This is enabled by the possibility to use different DM-RS ports/sequences for

the different message-A PUSCH transmissions. In addition to PUSCH occasions, the

concept of a PUSCH resource unit (PRU), defined as a combination of a specific PUSCH

occasion and a specific DM-RS port/sequence, was used during the 3GPPwork on two-

step RACH. The term PRU was eventually not used in the final specifications but

replaced by the more complex term “a PUSCH occasion with a DM-RS resource”.

To simplify the description, we will here use the term PRU though.

17.6.1.3 Mapping from PRACH slots to PUSCH resources
As described in Section 17.1.1, PRACH/preamble transmissions take place in RACH

slots where, within each RACH slot, there are typically multiple random-access occa-

sions in the time and frequency domain. Although earlier described in the context of

four-step RACH, this is equally valid for two-step RACH.

For two-step RACH, each RACH slot is associated with a set of message-A PUSCH

occasions with associated DM-RS ports/sequences, herein referred to as a PRU set. The

e The maximum number of time-multiplexed PUSCH occasions within a slot will obviously also be limited

by the duration, in number of symbols, of the message-A PUSCH, as well as the size of the configured

guard space.
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structure of such a PRU set is illustrated in Fig. 17.7. The PRU set can stretch over up to

four consecutive slots (three slots assumed in Fig. 17.7) where, as described above, each

slot may contain multiple PUSCH occasions in both the time and frequency domain.

Furthermore, as also described above, each PUSCH occasion corresponds to NDMRS

PRUs where NDMRS is the number of available DM-RS ports/sequences.

A PRU set and its associated PRUs and PUSCH occasions is thus characterized by

• The number of slots within the PRU set (up to 4).

• The number of PUSCH occasions in the time domain within one slot.

• The length (in number of symbols) of each PUSCH occasion.

• The number of guard symbols between each PUSCH occasion within a slot.

• The number of PUSCH occasions in the frequency domain.

• The bandwidth (in number of resource blocks) of each PUSCH occasion.

• The frequency-domain location of the first PUSCH occasion.

• Whether or not frequency multiplexed PUSCH occasions are separated by a one-

resource-block guard band.

• The number of different DM-RS ports/sequences, that is, the number of PRUs per

PUSCH occasion.

One slot

Fig. 17.7 A PRU set spanning three slots with nine PUSCH occasions within each slot.

TPUSCH TPUSCH TPUSCH

TRACH
Preamble-to-PRU

mapping

Fig. 17.8 Mapping of RACH slots to PRU sets.
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Each RACH slot, that is, each slot in which there are RACH occasions for two-step

RACH, corresponds to one specific PRU set located a configurable time offset TPUSCH

from the RACH slot as illustrated in Fig. 17.8. Within that RACH slot, each

RACH-occasion/preamble combination maps to one specific PRU within the corre-

sponding PRU set.

In other words, once a device has selected the RACH occasion and exact preamble to

use for the preamble transmission, it knows what PRU to use for the corresponding

message-A PUSCH transmission. Likewise, once the network has detected a preamble

within a RACHoccasion, it knows in what PRU the corresponding message-A PUSCH

transmission is to be received.

If the number of RACH-occasion/preamble combinations within a RACH slot

exceeds the number of available PRUs, multiple RACH-occasion/preamble combina-

tions may map to the same PRU. In that case, two devices could, in principle, carry out

two-step RACH using different RACH-occasion/preamble combinations but “collide”

in the corresponding message-A PUSCH transmission. At least in principle, the PUSCH

transmissions could still be detectable but this would require spatial separation and that

channel estimation for the PUSCH demodulation is not based on the DM-RS (which

would be the same for the two transmissions as they are using the same PRU) but from

the received preambles.

17.6.2 Two-step RACH – Step B
Step B of the two-step random-access procedure is, that is, the message-B transmission is

a conventional PDCCH/PDSCH transmission with the PDCCH encoded with a new

MsgB-RNTI different from the RA-RNTI used for the random-access response for

four-step RACH (Section 17.2). Note that, similar to the four-step-RACH random-

access response, multiple 2-step-RACH random-access responses to different devices

can be provided within the same message-B PDSCH transmission.

There are two alternatives for the two-step-RACH random-access response, depend-

ing on whether or not the network is able to detect and decode the message-A PUSCH

transmission.

Ïf the network is able to decode the message-A PUSCH transmission, it provides a

Success RAR including the following information:

• A timing-adjustment (TA) command [12 bits].

• A C-RNTI [16 bits].

• A contention resolution identity [48 bits].

There is also a possibility to include an RRC signaling message, for example for connec-

tion set up, within the message-B PDSCH. However, within a message-B PDSCH,

there may only be one such RRC signaling message, that is, it is not possible to multiplex

RRC signaling messages to multiple devices within the same message-B PDSCH.
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If the network detects the preamble transmission but is not able to correctly decode

the message-A PUSCH, it may instead provide a Fallback RAR. The Fallback RAR con-

tains the same information as the random-access response of four-step RACH and indi-

cates that the device should continue the random-access procedure as a four-step RACH,

that is, with the uplink transmission of a message 3 using the scheduling grant included

with the Fallback RAR.

17.6.3 Selection between two-step and four-step RACH
In order to support legacy (pre-release-16) devices, there must always be a possibility for

four-step RACH, at least for initial access, within a cell. If there is also a possibility

for two-step RACH, there must be a way for a device capable of two-step RACH to

select between using four-step RACH or two-step RACH.

The selection between two-step RACH and four-step RACH could be based on the

device proximity to the cell site in the sense that the device should use two-step RACH if

the received signals strength (RSRP) of the cell exceeds a certain configurable value.

Otherwise, four-step RACH should be used.

The network could also configure a maximum number of message A transmissions for

two-step RACH. If the maximum number of transmissions is exceeded without any

random-access response being received, the device should switch to four-step RACH.
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CHAPTER 18

LTE/NR interworking and coexistence

The initial deployment of a new generation of mobile-communication technology typ-

ically takes place in areas with high traffic density and with high demands for new service

capabilities. This is then followed by a gradual further build-out that can be more or less

rapid depending on the operator strategy. During this subsequent gradual deployment,

ubiquitous coverage to the operator network will be provided by a mix of new and legacy

technology, with devices continuously moving in and out of areas covered by the new

technology. Seamless handover between new and legacy technology has therefore been a

key requirement at least since the introduction of the first 3G networks.

Furthermore, even in areas where a new technology has been deployed, earlier gen-

erations must typically be retained and operated in parallel for a relatively long time in

order to ensure continued service for legacy devices not supporting the new technology.

The majority of users will migrate to new devices supporting the latest technology within

a few years. However, a limited amount of legacy devices may remain for a long time.

This becomes even more the case with an increasing number of mobile devices not being

directly used by persons but rather being an integrated part of other equipment, such as

parking meters, card readers, surveillance cameras, etc. Such equipment may have a life

time of more than 10 years and will be expected to remain connectable during this

life time. This is actually one important reason why many second-generation GSM net-

works are still in operation even though both 3G and 4G, and even 5G, networks have

subsequently been deployed.

However, the interworking between NR and LTE goes further than just enabling

smooth handover between the two technologies and allowing for their parallel

deployment.

• NR allows for dual-connectivity with LTE, implying that devices may have simulta-

neous connectivity to both LTE and NR. As already mentioned in Chapter 5, the first

release of NR actually relies on such dual-connectivity, with LTE providing the con-

trol plane and NR only providing additional user-plane capacity;

• NR can be deployed in the same spectrum as LTE in such a way that the overall spec-

trum capacity can be dynamically shared between the two technologies. Such spectrum

coexistence allows for a more smooth introduction of NR in spectrum already occupied

by LTE.
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18.1 LTE/NR dual-connectivity

The basic principle of LTE/NR dual-connectivity is the same as LTE dual-connectivity

[26], see also Fig. 18.1,

• A device has simultaneous connectivity to multiple nodes within the radio-access net-

work (eNB in the case of LTE, gNB in the case of NR);

• There is one master node (in the general case either an eNB or a gNB) responsible for

the radio-access control plane. In other words, on the network side the signaling radio

bearer terminates at the master node which then also handles all RRC-based config-

uration of the device;

• There is one, or in the general case multiple, secondary node(s) (eNB or gNB) that pro-

vides additional user-plane links for the device.

18.1.1 Deployment scenarios
In the case of LTE dual-connectivity, the multiple nodes to which a device has simul-

taneous connectivity are typically geographically separated. The device may, for exam-

ple, have simultaneous connectivity to a small-cell layer and an overlaid macro layer.

The same scenario, that is, simultaneous connectivity to a small-cell layer and an over-

laid macro layer, is a highly relevant scenario also for LTE/NR dual-connectivity.

Especially, NR in higher frequency bands may be deployed as a small-cell layer under

an existing macro layer based on LTE (see Fig. 18.2). The LTE macro layer would then

provide the master nodes, ensuring that the control plane is retained even if the connec-

tivity to the high-frequency small-cell layer is temporarily lost. In this case, the NR layer

provides very high capacity and very high data rates, while dual-connectivity to the

lower-frequency LTE-based macro layer provides additional robustness to the inherently

less robust high-frequency small-cell layer. Note that this is essentially the same scenario

as the LTE dual-connectivity scenario described above, except for the use of NR instead

of LTE in the small-cell layer.

c u u

U-plane

C-plane

Fig. 18.1 Basic principle of dual connectivity.
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However, LTE/NR dual-connectivity is also relevant in the case of co-sited LTE and

NR network nodes (Fig. 18.3).a As an example, for initial NR deployment an operator

may want to reuse an already deployed LTE site grid also for NR to avoid the cost of

deploying additional sites. In this scenario, dual-connectivity enables higher end-user

data rates by allowing for aggregation of the throughput of the NR and LTE carriers.

In the case of a single radio-access technology, such aggregation between carriers trans-

mitted from the same node would be more efficiently realized by means of carrier aggre-

gation (see Section 7.6). However, NR does not support carrier aggregation with LTE

and thus dual-connectivity is needed to support aggregation of the LTE and NR

throughput.

Co-sited deployments are especially relevant when NR is operating in lower-

frequency spectrum, that is, in the same or similar spectrum as LTE. However, co-sited

deployments can also be used when the two technologies are operating in very different

spectra, including the case when NR is operating in mm-wave bands (Fig. 18.4). In this

case, NR may not be able to provide coverage over the entire cell area. However, the

NRpart of the network could still capture a large part of the overall traffic, thereby allow-

ing for the LTE part to focus on providing service to devices in poor-coverage locations.

NR
LTE

eNB

gNB

LTE NR

Fig. 18.2 LTE/NR dual-connectivity in a multi-layer scenario.

eNB gNB LTE NR

LTE NR

Fig. 18.3 LTE/NR dual-connectivity, co-sited deployment.

a Note that there would in this case still be two different logical nodes (an eNB and a gNB) although these

could very well be implemented in the same physical hardware.
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In the scenario of Fig. 18.4, the NR carrier would typically have much wider band-

width compared to LTE. As long as there is coverage, the NR carrier would therefore, in

most cases, provide significantly higher data rates compared to LTE, making throughout

aggregation less important. Rather, the main benefit of dual-connectivity in this scenario

would, once again, be enhanced robustness for the higher-frequency deployment.

18.1.2 Architecture options
Due to the presence of two different radio-access technologies (LTE and NR) as well as

the availability of a new 5G core network as an alternative to the legacy 4G core network

(EPC), there are several different alternatives, or options, for the architecture of LTE/NR

dual-connectivity (see Fig. 18.5). The labeling of the different options in Fig. 18.5 orig-

inates from early 3GPP discussions on possible NR architecture options where a number

of different alternatives were on the table, a subset of which was eventually agreed to be

supported (see Chapter 6 for some additional, non-dual-connectivity, options).

18.1.3 Single-TX operation
In the case of dual-connectivity between LTE and NR there will be multiple uplink car-

riers (at least one LTE uplink carrier and one NR uplink carrier) transmitted from the

same device. Due to non-linearities in the RF circuitry, simultaneous transmission on

two carriers will create intermodulation products at the transmitter output. Depending

on the specific carrier frequencies of the transmitted signals, some of these intermodu-

lation products may end up within the device receiver band causing “self-interference”,

also referred to as intermodulation distortion (IMD). The IMDwill add to the receiver noise

and lead to a degradation of the receiver sensitivity. The impact from IMD can be

eNB gNB LTE NR

LTE NR

Fig. 18.4 LTE/NR dual-connectivity, co-sited deployment in different spectrum.

c u u cu u c u u

Op 3 Op 4 Op 7

Fig. 18.5 Different architecture options for LTE/NR dual-connectivity.
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reduced by imposing tighter linearity requirements on the device. However, this will

have a corresponding negative impact on device cost and energy consumption.

To reduce the impact of IMD without imposing very tight RF requirements on all

devices, NR allows for single-TX dual-connectivity for “difficult band combinations”. In

this context, difficult band combinations correspond to specifically identified combina-

tions of LTE and NR frequency bands for which lower-order intermodulation products

between simultaneously transmitted LTE and NR uplink carriers may fall into a corre-

sponding downlink band. Single-TX operation implies that there will not be simulta-

neous transmission on the LTE and NR uplink carriers within a device even though

the device is operating in LTE/NR dual-connectivity.

It is the task of the LTE and NR schedulers to jointly prevent simultaneous transmis-

sion on the LTE and NR uplink carriers in the case of single-TX operation. This requires

coordination between the schedulers, that is between an eNB and a gNB. The 3GPP

specifications include explicit support for the interchange of standardized inter-node

messages for this purpose.

Single TX operation inherently leads to time multiplexing between the LTE and NR

uplink transmissions within a device, with none of the uplinks being continuously avail-

able. However, it is still desirable to be able to retain full utilization of the corresponding

downlink carriers.

For NR, with its high degree of scheduling and hybrid-ARQ flexibility, this can eas-

ily be achieved with no additional impact on the NR specifications. For the LTE part of

the connection the situation is somewhat more elaborate though. LTE FDD is based on

synchronous HARQ, where uplink HARQ feedback is to be transmitted a specified

number of subframes after the reception of the corresponding downlink transmission.

With a single-TX constraint, not all uplink subframes will be available for transmission

of HARQ feedback, potentially restricting the subframes in which downlink transmis-

sion can take place.

However, the same situation may already occur within LTE itself, more specifically in

the case of FDD/TDD carrier aggregation with the TDD carrier being the primary cell

[28]. In this case, the TDD carrier, which is inherently not continuously available for

uplink transmission, carries uplink HARQ feedback corresponding to downlink trans-

missions on the FDD carrier. To handle this situation, LTE release 13 introduced so-

called DL/UL reference configurations [26] allowing for a TDD-like timing relation,

for example for uplink feedback, for an FDD carrier. The same functionality can be used

to support continuous LTE downlink transmission in the case of LTE/NR dual-

connectivity constrained by single-TX operation.

In the LTE FDD/TDD carrier-aggregations scenario, the uplink constraints are due

to cell-level downlink/uplink configurations. On the other hand, in the case of single-

TX dual-connectivity the constraints are due to the need to avoid simultaneous trans-

mission on the LTE and NR uplink carriers, but without any tight interdependency
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between different devices. The set of unavailable uplink subframes may thus not need to

be the same for different devices. To enable a more even load on the LTE uplink, the DL/

UL reference configurations in the case of single-TX operation can therefore be shifted in

time on a per-device basis.

18.2 LTE/NR coexistence

The introduction of earlier generations of mobile communication has always been asso-

ciated with the introduction of a new spectrum in which the new technology can be

deployed. This is the case also for NR, for which the support for operation in mm-wave

bands opens up for the use of a spectrum range never before applied to mobile

communication.

Even taking into account the use of antenna configurations with a large number of

antenna elements enabling extensive beam-forming, operation in such high-frequency

spectrum is inherently disadvantageous in terms of coverage though. Rather, to provide

truly wide-area NR coverage, lower-frequency spectrum must be used.

However, a large fraction of lower-frequency spectrum is already occupied by current

technologies, primarily LTE. In many cases NR deployments in lower-frequency spec-

trum will therefore need to take place in spectrum already used by LTE.

The most straightforward way to deploy NR in a spectrum already used by LTE is

static frequency-domain sharing, where part of the LTE spectrum is migrated to NR (see

Fig. 18.6).

There are two drawbacks with this approach though.

At least at an initial stage, the main part of the traffic will still be via LTE. At the same

time, the static frequency-domain sharing reduces the spectrum available for LTE, mak-

ing it more difficult to satisfy the traffic demands.

Furthermore, static frequency-domain sharing will lead to less bandwidth being avail-

able for each technology, leading to a reduced peak data rate per carrier. The possible use

of LTE/NR dual-connectivity may compensate for this for new devices capable of such

operation. However, at least for legacy LTE devices there will be a direct impact on the

achievable data rates.

LTE

NR

LTE

Fig. 18.6 Migration of LTE spectrum to NR.
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Amore attractive solution is to haveNRandLTEdynamically share the same spectrum

as illustrated in Fig. 18.7. Such spectrum coexistence will retain the full bandwidth and

corresponding peak data rates for each technology. Furthermore, the overall spectrum

capacity could be dynamically assigned tomatch the traffic conditions on each technology.

The fundamental tool to enable such LTE/NR spectrum coexistence is the dynamic

scheduling of both LTE and NR. However, there are several other NR features that play

a role in the overall support for LTE/NR spectrum coexistence:

• The availability of the LTE-compatible 15kHz NR numerology that allows for LTE

and NR to operate on a common time/frequency grid;

• The general NR forward-compatibility design principles listed in Section 5.1.3. This

also includes the possibility to define reserved resources based on bitmaps or LTE car-

rier configurations as described in Section 9.10;

• A possibility for NR PDSCH mapping to avoid resource elements corresponding to

LTE cell-specific reference signals (see further details below).

As already mentioned in Section 5.1.11 there are two main scenarios for LTE/NR coex-

istence (see also Fig. 18.8):

• Coexistence in both downlink and uplink;

• Uplink-only coexistence.

A typical use case for uplink-only coexistence is the deployment of a supplementary

uplink carrier (see Section 7.7).

In general, coexistence in the uplink direction is more straightforward compared to

the downlink direction and can, to a large extent, be supported by means of scheduling

coordination/constraints. NR and LTE uplink scheduling should be coordinated to

LTE

NR Spectrum co-existence

LTE

Fig. 18.7 LTE/NR spectrum coexistence.

ecnetsixe-oc ylno-knilpUecnetsixe-oc knilpu dna knilnwoD

NR

LTE

NR

LTE

Fig. 18.8 Downlink/uplink coexistence vs. uplink-only coexistence.
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avoid collision between LTE and NR PUSCH transmissions. Furthermore, the NR

scheduler should be constrained to avoid resources used for LTE uplink layer 1 control

signaling (PUCCH) and vice versa. Depending on the level of interaction between the

eNB and gNB, such coordination and constraints can be more or less dynamic.

Also for the downlink, scheduling coordination should be used to avoid collision

between scheduled LTE and NR transmissions. However, the LTE downlink also

includes several non-scheduled “always-on” signals that cannot be readily scheduled

around. This includes (see [26] for details):

• The LTE PSS and SSS, which are transmitted over two OFDM symbols and six

resource blocks in the frequency domain once every fifth subframe;

• The LTE PBCH which is transmitted over four OFDM symbols and six resource

blocks in the frequency domain once every frame (10 subframes);

• The LTE CRS which is transmitted regularly in the frequency domain and in four or

six symbols in every subframe depending on the number of CRS antenna ports.b

Rather than being avoided bymeans of scheduling, the concept or reserved resources (see

Section 9.10) can be used to rate match the NR PDSCH around these signals.

Rate matching around the LTE PSS/SSS can be done by defining reserved resources

according to bitmaps as described in Section 9.10. More specifically a single reserved

resource given by a {bitmap-1, bitmap-2, bitmap-3} triplet could be defined as follows

(see also Fig. 18.9):

• A bitmap-1 of a length equal to the number of NR resource blocks in the frequency

domain, indicating the six resource blocks within which LTE PSS and SSS are

transmitted;

• A bitmap-2 of length 14 (one slot), indicating the two OFDM symbols within which

the PSS and SSS are transmitted within an LTE subframe;

One slot
One frame (10 slots)

0 0 0 0 0 1 1 0 0 0 0 0 0 0
Bitmap-2

0
1

1
1

1
1

1
0

0

0

Bitmap-3:  1   0   0   0   0   1   0   0   0   0  

Fig. 18.9 Configuration of reserved resource to enable PDSCH rate matching around LTE PSS/SS. Note
that the figure assumes 15kHz NR numerology.

b Only one or two symbols in case of so-called MBSFN subframes.
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• A bitmap-3 of length 10 indicating the two subframes within which the PSS and SSS

are transmitted within a 10ms frame.

This assumes a 15kHz NR numerology. Note though that the use of reserved resources

based on bitmaps is not limited to 15kHz numerology and, in principle, a similar

approach to rate match around LTE PSS and SSS could be used also with, for example,

a 30kHz NR numerology.

The same approach can be used to rate match around the LTE PBCH with the only

difference that bitmap-2 would, in this case, indicate the four symbols within which

PBCH is transmitted, while bitmap-3 would indicate a single subframe.

Regarding the LTE CRS, the NR specification includes explicit support for PDSCH

rate matching around resource elements corresponding to CRS of an overlaid LTE car-

rier. In order to be able to properly receive such a rate-matched PDSCH, the device is

configured with the following information:

• The LTE carrier bandwidth and frequency domain location, to allow for LTE/NR

coexistence even though the LTE carrier may have a different bandwidth and a dif-

ferent center-carrier location, compared to the NR carrier;

• The LTE MBSFN subframe configuration, as this will influence the set of OFDM

symbols in which CRS transmission takes place within a given LTE subframe;

• The number of LTE CRS antenna ports as this will impact the set of OFDM symbols

on which CRS transmission takes place as well as the number of CRS resource ele-

ments per resource block in the frequency domain;

• The LTE CRS shift, that is, the exact frequency-domain position of the LTE CRS.

In release 16, NR rate matching around LTECRS transmissions was extended to support

multiple LTE CRS patterns which is useful in case of carrier aggregation. Note though

that rate matching around LTE CRS is only possible for the 15kHz NR numerology.
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CHAPTER 19

Interference handling in TDD networks

NR already from the start provides flexibility in terms of the duplexing schemes

supported – FDD for paired spectrum and TDD for unpaired spectrum. The two duplex-

ing schemes have different properties in terms of the interference scenarios and the han-

dling thereof. In contrast to an FDD network, where uplink and downlink uses separate

frequencies and therefore are fairly isolated, a TDD network uses the same frequency for

uplink and downlink transmission and separates the two in the time domain. This can

result in interference scenarios not present in an FDD network. Downlink-to-uplink

interference, illustrated to the left in Fig. 19.1, refers to a situation where the downlink

transmission in one cell impact the uplink reception in another cell, and uplink-to-

downlink interference, illustrated to the right in Fig. 19.1, refers to uplink transmissions

from one terminal interfering with downlink reception in a neighboring terminal. These

two interference scenarios need to be handled and the solutions may be different in wide-

area and small-cell deployments.

In a wide-area macro-type deployment, the base station antennas are often located

above rooftop for coverage reasons – that is, relatively far above the ground compared

to the devices. This can result in (close to) line-of-site propagation between the cell sites.

Coupled with the relatively large difference in transmission power between uplink and

downlink in these types of networks, high-power downlink transmissions from one cell

site would significantly impact the ability to receive a weak uplink signal in a neighboring

cell. The classical way of handling this is to (semi-)statically split the resources between

uplink and downlink in the same way across all the cells in the network. In particular,

uplink reception in one cell never overlaps in time with downlink transmission in a

neighboring cell. This can be achieved by semi-statically configuring uplink and down-

link resources in all terminals as described in Chapter 7. The set of slots (or, in general,

time-domain resources) allocated for a certain transmission direction, uplink or down-

link, is identical across the whole networks and can be seen as a simple form of inter-cell

coordination, albeit on a semi-static basis.

In a small-cell network, where uplink and downlink transmissions use similar power

levels and the antennas are located indoors or below rooftop, the downlink-to-uplink

interference may be less of an issue given the lower transmission power and the larger

isolation between the sites. Uplink-to-downlink interference between two closely

located devices, illustrated in the right part of Fig. 19.1, can sometimes be an issue

but also in this case a semi-static split between uplink and downlink across all cells helps.
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In some scenarios it might even be possible to use dynamic TDD where downlink

transmission in one cell simultaneously with uplink reception in another cell is possible

as neighboring cells, depending on the deployment details, can be fairly isolated.

In release18, 3GPP is studying the feasibility of various duplex enhancements, including

dynamic TDD and subband full duplex [108].

The interference scenarios outlined here are not unique to NR and can be handled by

proper network implementation and deployment. Nevertheless, release 16 introduces

enhancements to more efficiently handle TDD-specific interference scenarios,

• remote interference management (RIM), addressing downlink-to-uplink interference in

wide-area large-cell networks, and

• cross-link interference (CLI) mitigation, addressing uplink-to-downlink interference

handling in small-cell deployments using dynamic TDD.

These two enhancements will be described in more detail in the following sections.

19.1 Remote interference management

Remote interference management refers to a set of tools to handle BS-to-BS interference

from very distant base stations in a wide-area TDD network. As described in the intro-

duction, the classical way of handling this in macro networks is to (semi-)statically split

the resources between uplink and downlink in the same way across all the cells in the

network to ensure that downlink and uplink never overlaps in time between neighboring

cells. A sufficiently large guard period, covering the propagation delays from neighboring

cells, is configured. This is sufficient most of the time. However, in certain weather con-

ditions, atmospheric ducts may be formed [85], efficiently serving as a waveguide

between base stations located very far apart. The ducts can be a couple of hundred meters

up in the atmosphere. Downlink transmissions from one base station can in these con-

ditions travel very large distances, up to 150km is not uncommon and distances up to up

to 400km sometimes occur, with very little attenuation. At the receiving end of the duct,

the delayed but strong copy of the downlink signal will interfere with the uplink recep-

tion at another base station, see Fig. 19.2. Note that a guard period designed to handle

interference from neighboring base stations typically is in the order of a few OFDM

symbols – that is, a few hundred microseconds at most – is far from sufficient in these

rare scenarios. This can be compared with the guard time required, 0.5–1.3ms, corre-

sponding to distances in the range of 150 km to 400 km. Ducting may be a rare event,

DL-to-UL interference

UL-to-DL interference

Fig. 19.1 Interference scenarios in TDD networks.
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but when it occurs thousands of base stations may be affected and the impact on the

network performance is significant.

Unlike many other types of uplink interference with fairly constant level over time,

remote interference due to atmospheric ducts has a decaying profile with stronger inter-

ference at the beginning of the uplink period than at the end, see Fig. 19.3. This is intu-

itively understandable as the interference originates from the end of the preceding

downlink transmission. At the beginning of the uplink period, there are many downlink

transmissions “still in the air”, potentially also stronger as they are located closer to the

victim – the base station subject to the interference –while further into the uplink period
the interference from downlink transmissions has vanished. Thus, by comparing the

interference level at the beginning of an uplink period with level at a later point in time,

it is possible to detect the presence or absence of remote interference. The higher the
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Fig. 19.3 Schematic illustration of remote interference as a function of time in the uplink period.
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Fig. 19.2 Remote interference due to atmospheric ducts.
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interference level is at the beginning compared to a later point in the uplink period, the

larger the amount of remote interference.

The duct itself is reciprocal, that is, has the same gain in both directions. This means,

when ducting occurs, that a base station is both an aggressor – causing interference to

other cells – and a victim at the same time. However, although the duct is reciprocal,

the interference situation is not necessarily reciprocal and depends on the transmission

activity in the different cells involved.

Handling the remote interference in these (rare) events can be done in multiple ways.

Beamforming and using interference-cancelling receivers can in some scenarios be

helpful, but the most common way is to adjust the guard period such that virtually no

overlap between downlink transmission from remote cells and the uplink occur at the

victim. The additional guard period can be obtained either by the transmitter (aggressor)

ending the downlink transmission earlier or by the receiver (victim) starting the uplink

reception later, see Fig. 19.4. Doing this in a static manner and constantly having a suf-

ficiently large guard period would solve the remote interference problem but is very

costly in terms of overheadmost of the time and is therefore not a viable solution. Instead,

in 3G and 4G macro TDD networks, adaptive schemes are used where the guard period

in the affected cells is increased but only during the periods when the ducting phenom-

enon occurs.

To simplify and automate the handling of the remote interference occurring as a result

of such ducting phenomenon, NR release 16 introduces mechanisms to support auto-

matic remote interference management based on the findings in a study documented

in [85]. In particular, two new reference signal types, known as RIM-RS type 1 and

RIM-RS type 2 and described in detail in a later section, are specified as well as backhaul

signaling on the Xn interface between base stations.

19.1.1 Centralized and distributed interference handling
Three different frameworks were discussed during the specification of remote interfer-

ence handling, one centralized framework and two distributed frameworks. The differ-

ences between the frameworks are where in the network the decision to apply

Victim

Aggressor at victim 

Aggressor

Propagation delay from aggressor to victim

DL UL

UL

DL UL

Increased guard by downlink backoff at aggressor
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Propagation delay from aggressor to victim

DL UL
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DL UL

Increased guard by uplink backoff at victim

DL

Fig. 19.4 Increasing the guard period to handle remote interference by shortening downlink
transmissions at the aggressor (left) or by shortening the uplink reception at the victim (right).
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interference mitigation is taken and how the decisions are signaled between the nodes. It

is important to understand though that the exact operation on how to handle remote

interference is not specified by 3GPP but left for implementation to allow for a range

of algorithms suitable for different scenarios. Variants of the frameworks discussed later

can easily be thought of and artificial intelligence and machine learning can be used

as well.

In the centralized framework, all decisions related to mitigation of remote interfer-

ence are taken by a centralized node, typically the operation and management (OAM)

system which is responsible for configuring and operating the network. Upon detection

of remote interference, for example by detecting a decaying interference profile typical

for remote interference as described earlier, the victim node starts transmitting RIM-RS

type 1. This reference signal, which will be described in more detail later, serves multiple

purposes. Not only does it indicate that the cell is experiencing remote interference, it

also contains the identity of the node (or a group of nodes) transmitting the reference

signal and information on how many OFDM symbols in the uplink period that are

affected. This information is implicitly encoded in the reference signal as described in

a later section. Since the atmospheric ducts are reciprocal, the aggressor cells contributing

to the remote interference at the victim will receive the RIM-RS.

Upon reception of such a reference signal, an aggressor node will report the detected

RIM-RS, including the information encoded in the reference signal, to theOAM system

for further decision on how to resolve the interference problem. The central OAM sys-

tem will take a decision on a suitable mitigation scheme, for example to request the

aggressor cells to stop downlink transmissions earlier in order to increase the guard

period. When the ducting phenomenon disappears, the aggressor cells will no longer

detect the RIM-RS and report this to the OAM system, which in turn can request

the victim to stop RIM-RS transmission and the aggressors to restore the original con-

figuration of the guard period (Fig. 19.5).

A well-designed centralized framework is likely to have superior performance

compared to distributed approaches, but in many cases a distributed implementation is

1. transmit RIM-RS type 1

OAM

2. report RIM-RS

3. Mitigation scheme

0. remote
interference 
detected

4. Restore config 4.Stop RIM-RS 

VictimAggressor

Fig. 19.5 Centralized remote interference management.
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preferable for simplicity reasons and to reduce OAM signaling. In a distributed scheme,

the victim transmits RIM-RS type 1 upon detecting remote interference, similar to the

centralized scheme. However, instead of the aggressor cell informing a centralized node,

the aggressor autonomously decides to apply a suitable mitigation scheme as long as

RIM-RS type 1 is present. For example, it could end the downlink transmissions earlier

in the downlink period in order to increase the guard period.

Two flavors of the distributed schemes are supported, differing in whether over-the-

air signaling or backhaul signaling is used to inform the victim that the aggressor has

received the RIM-RS type 1 and applied a suitable mitigation scheme.

For the case of over-the-air signaling, the aggressor starts transmittingRIM-RS type 2

once it has detected RIM-RS type 1. The purpose of this is to allow the victim to

detect whether the ducting phenomenon is still present; when the victim does not de-

tect RIM-RS type 2 it concludes that the duct has disappeared and stops transmitting

RIM-RS type 1 and the aggressor returns to normal operationwheneverRIM-RS type 1

disappears (Fig. 19.6).

Alternatively, backhaul signaling over the Xn interface can be used to inform the vic-

tim cell(s) about the detection of RIM-RS type 1 at the aggressor, as well as when the

RIM-RS type 1 is no longer detected by the aggressor. The latter piece of information

can be used by the victim cell(s) to determine that the ducting phenomenon is no longer

present, and that RIM-RS type 1 transmission could stop. In response to RIM-RS type 1

1. transmit RIM-RS type 1

2. transmit RIM-RS type 2 (RIM-RS 1 present/absent)

VictimAggressor

0. remote
interference 
detected

Fig. 19.6 Distributed remote interference management with over-the-air signaling.

1. transmit RIM-RS type 1

2. Inform over Xn whether RIM-RS 1 is present/absent

VictimAggressor

0. remote
interference 
detected

Fig. 19.7 Distributed framework using backhaul signaling.
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no longer being received by the aggressor, the guard period configuration will be restored

to its normal value (Fig. 19.7).

19.1.2 RIM reference signals
The primary enhancement in the physical layer to support RIM is the introduction of

two new reference signals, RIM-RS type 1 and type 2. The usage of these two reference

signals was briefly described in the previous section with this section devoted to the

detailed structure of these reference signals.

The two reference signal types share the same basic design although they serve

different purposes:

• RIM-RS type 1is transmitted by a victim cell, intended to be received by aggressor

cells, and is used to signal that remote interference is present at the victim cell – that is, a
ducting phenomenon exists. In addition to an identity of the (group of) cells that causes

the interference, it can convey information about the number of OFDM symbols at

the beginning of the uplink period that is affected by remote interference, information

that is useful to determine by how much the guard period should be increased. It can

also convey information about whether the amount of mitigation applied by an

aggressor cell is sufficient or not from the perspective of the victim cell.

• RIM-RS type 2 is transmitted by the aggressor cell and is used to indicate that a duct-

ing phenomenon exists. Unlike type 1, it does not carry any additional information.

The RIM-RS of either type is designed to fulfill a number of requirements. First, it

should be different from any other uplink reference signal. This is important as other ref-

erence signals in a neighboring cell otherwise might trigger the RIM mechanism even if

there is no ducting phenomenon from a distant cell. Differentiating between the different

reference siganls is easily achieved by using a pseudo-random sequence that differs from

any uplink reference signal as will be described further later.

Second, it should be possible to detect the RIM-RSwithout having to obtain OFDM

symbol synchronization with the aggressor at the receiver which would increase

CP CP

CopyCopy

Copy

CP

Copy

Effective CP

Regular OFDM structure

RIM-RS structure

Fig. 19.8 Structure of RIM-RS.
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complexity. This is achieved by using two consecutive OFDM symbols for the RIM-RS

where useful part of the first and second symbols is identical. Furthermore, unlike other

downlink transmissions, all the samples used for cyclic prefix are located in the first sym-

bol, see Fig. 19.8. The net effect of this structure is a very long cyclic prefix for the last

RIM-RSOFDM symbol which allows detection without having to estimate the OFDM

symbol timing of the aggressor.

The RIM-RS is specified for 15 and 30 kHz subcarrier spacing. The reason for this

is that RIM is a feature intended for wide-area deployments with relatively large cells.

The higher subcarrier spacings, 60 kHz and above, are, on the other hand, mainly

intended for high carrier frequencies and small cells, and not for wide-area large-cell

deployments.

19.1.3 Resources for RIM-RS
A RIM reference signal is transmitted using a RIM-RS resource, defined by a triplet of

indices in time, frequency, and sequence domains. From this index triplet, the actual

location in time and frequency is computed, as well as the part of the QPSK-modulated

length 231�1 Gold sequence to use to the RIM-RS.

• In the time domain, RIM-RSs are transmitted periodically with the periodicity of a

specific RIM-RS being in the order of seconds or even minutes.

• In the frequency domain, up to four RIM-RS resources can be configured (depending

on the carrier bandwidth). A RIM-RS with 15kHz subcarrier spacing occupies the

full carrier bandwidth or 96 resource blocks, whichever is smallest. For 30kHz sub-

carrier spacing, the RIM-RS can be limited to 48 or 96 resource blocks.

• In the sequence domain up to eight different sequences can be configured. The set of

sequences used changes over time for resilience against jammer repetition attacks.

For RIM-RS type 1, information on the number of OFDM symbols affected by

remote interference, as well as an indication whether the mitigation applied by the

aggressor cell is sufficient, also affects the computation of time resource from the index

triplet. In other words, this information can, if desirable, be implicitly encoded in a type

1 RIM-RS. Each index triplet is also linked to a configured identity of a cell (or set of

cells). Thus, the identity of the cell or group of cells that experience remote interference

is also implicitly included in the resources used for type 1 RIM-RS. Note that the

configured identity is not necessarily the same identity as the physical layer cell identity.

This is needed as the set of physical-layer cell identities is relatively small, 1008, and the

remote interference management mechanisms must be able to operate over very large

areas with thousands of cells.

In Fig. 19.9, the mapping from an index triplet to the time, frequency and sequence

resources to use is illustrated. Note that the RIM-RS is transmitted at the computed time

location, regardless of whether the node has applied interference mitigation or not. In

428 5G/5G-Advanced

https://t.me/learningnets



other words, the RIM-RSmay sometimes be transmitted in the extended guard interval.

This is necessary as the receiving side otherwise would not be able to detect whether the

absence of a RIM-RS is a result of the duct disappearing or an extended guard period at

the transmitter side.

19.2 Cross-link interference

Cross-link interference mitigation refers to ways to control the downlink-to-uplink

interference and uplink-to-downlink interference, particularly in small-cell networks

with small inter-site distances. The classical way of handling these interference prob-

lems is, as discussed at the beginning of the chapter, to use a semi-static split between

uplink and downlink across all cells. However, this would contradict the basic inten-

tion with dynamic TDD, part of the basic NR framework, where the transmission

direction in each cell is dynamically selected based on the traffic scenario in that cell.

In many scenarios, especially if the cells are relatively isolated, dynamic TDD works

fine without further enhancements. However, to expand the set of scenarios where

dynamic TDD can be applied, release 16 introduces enhancements to better handle

cross-link interference. These enhancements consist of interference measurements

at the device side and inter-cell coordination using the Xn interface, both of which

will be discussed in the following. Note that the scheduling behavior and how the

measurements and coordination mechanism should be used are not specified but left

for implementation.

SFN0 SFN0+1 SFN0+2SFN0-1

DL DL DL UL

Extra GP
for RIM  

UL/DL period UL/DL period
10 ms frame

slot

itime

ifreq

iseq

time location

frequency location

sequence
time

info

configuration

f1

index 
triplet

f3

f2

cell (group) 
identity

RIM-RS

Fig. 19.9 Illustration of RIM-RS resources.
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19.2.1 Device-side interference measurements
Various scheduling solutions can be used to mitigate cross-link interference, for example

to avoid scheduling uplink transmission from one device in a cell at the same time a

nearby device in a neighboring cell is trying to receive in the downlink. To assist the

scheduler to understand the interference situation, release 16 introduces enhancements

such that a device can be instructed to measure on transmissions originating from another

device. This is done by extending the reference signal received power (RSRP) and

received signal strength indicatora (RSSI) measurements. These measurements were

originally introduced for, among other things, mobility support. RSRP is the received

power (excluding noise and interference) of a reference signal, either the synchronization

signals or a CSI-RS, and is typically averaged over a longer period of time, in the order of

hundreds of milliseconds. RSSI is the total received power, including noise and interfer-

ence, over a given number of resource blocks. In release 16, these measurements are

extended such that it is possible to measure not only on downlink signals – synchroni-

zation signals and CSI-RS – but also on the uplink SRS. Thus, by requesting a device to

measure SRS-RSRP the network will obtain knowledge about howwell that device can

hear transmissions from another device or, in other words, the amount of device-to-

device interference from activity in neighboring cells (see Fig. 19.10).

Note that these measurements provide information about the average, long-term

basis interference, in the range of a few hundred milliseconds. They do not reflect the

instantaneous situation. In a small-cell scenario, the devices are typically relatively sta-

tionary and this is less of an issue. The measurements may also provide some information

about out-of-band interference, for example from a neighboring operator running in a

different frequency band, which might be useful.

Base-station-to-base-station interference measurements are not standardized but left

for implementation. In principle one base station can measure on any downlink signal

Uplink SRS transmission SRS-RSRP measurement and reporting 

Uses SRS-RSRP reports to assess the amount of uplink-to-downlink
interference to assist scheduling decisisons

Fig. 19.10 SRS-RSRP to estimate cross-link interference.

a TheRSSImeasurement is not explicitly defined inNR release 15 but occurs as part of other measurements.
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from a neighboring base station; CSI-RS, synchronization signals, or data transmission

just to mention a few examples.

19.2.2 Inter-cell coordination
The other area where CLI impact the specification is the inter-gNB signaling over the Xn

interface (or inter-CU signaling over the F1 interface in case of a split architecture). In

essence, the resources are split into fixed resources, where the gNB promises to use the

resource in a certain direction only, and flexible resources, where the gNB indicates it

may use the resources in either transmission direction (uplink or downlink). With this

knowledge about the scheduling behavior in neighboring cells, the scheduler may sched-

ule more sensitive transmission in a fixed resource, where the transmission direction and

hence the interference characteristics are known. Flexible resources can instead be used

for less critical data where occasional retransmissions due to strong interference is less of

an issue.
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CHAPTER 20

NR in unlicensed spectrum

The first release of NR was primarily designed with licensed spectra in focus although

extensions to unlicensed spectra in later releases was considered already from the start.

Licensed spectrum implies the operator has an exclusive license for a certain frequency

range which offers many benefits since the operator can plan the network and control the

interference. It is thus instrumental for providing quality-of-service guarantees and wide-

area coverage. However, the amount of licensed spectra an operator has access to may not

be sufficient and there is typically a cost associated with obtaining a spectrum license.

Unlicensed spectra, on the other hand, is open for anyone to use at no cost, subject to

a set of rules, for example on maximum transmission power. Since anyone can use the

spectra, the interference situation is typically much more unpredictable than for licensed

spectra. Consequently, quality-of-service and availability cannot be guaranteed as the

interference cannot be controlled. Furthermore, the maximum transmission power is

modest, making it less suitable for wide-area coverage. Wi-Fi and Bluetooth are two

examples of communication systems exploiting unlicensed spectra.

In release 16, NR is extended to support unlicensed spectra in addition to licensed

spectra, primarily targeting the 5GHz and (later) 6GHz bands. The frequency range

is extended to include also the 60GHz band in release 17. Both license-assisted access

(LAA) and stand-alone operation is supported, see Fig. 20.1. In the LAA framework,

a carrier operating in a licensed frequency band is used for initial access and mobility,

combined with one or more carriers in unlicensed bands used to boost the capacity

and data rates. This is similar to LTE-LAA, see Chapter 4. For NR, the dual-connectivity

framework is used when the licensed carrier is using LTE, which is the same approach as

for non-stand-alone NR. If the licensed carrier is using NR, either the dual connectivity

or the carrier aggregation framework can be used.

Stand-alone operation, on the other hand, implies that NRoperates in unlicensed spec-

tra without support of a licensed carrier. Initial access and mobility are handled entirely

using unlicensed spectra. This allows for deployments of NR without having access to

licensed spectra, which can be valuable for, for example, local deployments in factories.

In the remainder of the chapter, the frequency bands targeted and the regulatory

requirements on operation in these bands are discussed, followed by a description of

the enhancements added to NR in order to support operation in unlicensed spectra.

The NR specifications uses the term “shared spectrum access” when referring to operation

in unlicensed spectra, but herein themore common term “unlicensed spectra”will be used.
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20.1 Unlicensed spectrum for NR

Unlicensed spectra exist in multiple frequency bands. In principle, any unlicensed band

could be exploited by NR but the release 16 work focused on the 5 and 6GHz bands.

One reason is the availability of fairly large amounts of bandwidth in the 5GHz band and

a reasonable load compared to the congested 2.4GHz band. Release 17 extended the

frequency range to include also the 60GHz band.

20.1.1 The 5GHz band
The 5GHz band is available in most parts of the world, see Fig. 20.2, although there are

some differences between the different regions, see [86] and the references therein for

details. The regulatory situation is fairly mature and the 5GHz band has been in use

for many years by, among other technologies, Wi-Fi and LTE/LAA. The band is typ-

ically divided into 20MHz wide pieces known as channels, a term that will be used

heavily when describing the channel-access mechanisms.

The lower part of the band, 5150–5350MHz, is typically intended for indoor usage

with a maximum transmission power of 23dBm in most regions. In total 200MHz is

available, divided in two parts of 100MHz each. In the part of the band above

5470MHz, transmission powers up to 30dBm and outdoor usage is allowed in many

regions. The amount of spectra differs across regions but up to 255MHz can be available.

In addition to the limitations of the maximum output power, typically given as an

EIRP value, there are additional requirements in some of the band and in some of

the regions. These requirements have, as will be discussed in later sections, an impact

on the technical design on the radio interface. Some of these regulatory requirements

are limitations on the power-spectral density, the maximum channel-occupancy time,

the minimum occupied bandwidth, and requirements on dynamic frequency selection,

transmit-power control, and listen-before-talk.

Power spectral density (PSD) limitations may be applicable, implying that the device

cannot transmit at its full power when using smaller bandwidths. For example, in the

5150–5350MHz range the European regulations limit the power spectral density to

10dBm/MHz. Hence, a device cannot transmit at it maximum allowed transmit power

License-assisted 
LTE–NR dual connectivity

License-assisted
NR–NR dual connectivity or
NR–NR carrier aggregation

Stand-aloneNR

Fig. 20.1 License-assisted (left and middle) and stand-alone (right) operation of NR in unlicensed
spectra.
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Fig. 20.2 Overview of unlicensed frequency bands in FR1 in different regions.
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of 23dBm unless at least 20MHz of bandwidth is used. In principle, one approach would

be to limit the output power such that the regulatory requirement is met. However, this

would limit the coverage in some cases, for example when the payload to transmit is small

and only a fraction of the carrier bandwidth is required for transmission. Therefore, oper-

ation in unlicensed spectra often benefits from allocating a relatively large bandwidth, see

Fig. 20.3. Not only does this help resolving the coverage issue, it is also beneficial in terms

of fulfilling requirements on the minimum occupied bandwidth defined in some

frequency bands.

The maximum time during which continuous transmission is allowed, sometimes

referred to as the maximum channel occupancy time (COT) can also be limited. For exam-

ple, in Japan the maximum COT is 4ms, limiting transmissions to at most this duration,

while in other regions such as Europe up to 8ms or even 10ms is allowed. Europe also has

two sets of rules for unlicensed spectra usage described in [87], one for frame-based

equipment (FBE) and one for load-based equipment (LBE). The two sets of rules were

originally specified to be applicable to the now-defunct Hiperlan/2 standard and Wi-Fi,

respectively. NR includes channel-access mechanisms which can support either of the

FBE or LBE frameworks, depending on the deployment scenario. Finally, the fraction

of time a transmitter must leave the channel idle may also be regulated. These require-

ments all have an impact on the scheduling behavior.

Dynamic frequency selection (DFS) means that the transmitter continuously must assess

whether the spectra is used for other purposes. If such usage is detected, the transmitter

must vacate the frequency within a specific time (for example 10 s) and not use it again

until at least a certain time (for example 30min) has passed. The purpose is to protect

other systems, primarily radars, which have higher priority for the usage of unlicensed

spectra.

Transmit power control (TPC)means that a transmitter should be able to reduce its trans-

mission power below the maximum allowed power with the intention to reduce the

overall interference level when needed.

Listen before talk (LBT) is amechanismwhere the transmitter listens to any activity on the

channel prior toeach transmission inordernot to transmit if the channel is occupied. It is thus

a muchmore dynamic coexistencemechanism thanDFS. It is required in some regions, for

example Europe and Japan, while other regions, for example theUnited States, do not have

any LBT requirements but instead regulations on harmful interference.

PSD limitation

Bandwidth Bandwidth

Fig. 20.3 Fulfilling power-spectral-density limitations by increasing the bandwidth.
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20.1.2 The 6GHz band
The 6GHz band provides a very large amounts of spectra, see Fig. 20.2, with 500MHz

being available in Europe and 1200MHz in the United States. The regulatory details

remain to be settled in some regions, but one major difference between the 5GHz

and 6GHz bands is the presence of legacy mobile technologies in the former but not

in the latter. The 5GHz band has been around for several years and is already used

by, among other technologies, Wi-Fi and LTE/LAA. On the technical side it may affect,

for example, the need to reuse existing energy thresholds when declaring the channel

available to an NR transmitter or not. NR uses the same energy thresholds as LTE-

LAA and specified by ETSI BRAN [87]. The 6GHz band, on the other hand, has

recently become available and the regulatory framework is done in a technology-

neutral manner.

20.1.3 The 60GHz band
The 60GHz band is available in most parts of the world although the size differs between

regions, see Fig. 20.4. Regardless of the region, the frequencies are all within FR2-2.

Power levels varies between regions but are typically in the range of 40–50dBm EIRP

and with channel bandwidths of 2GHz. Given the propagation conditions, the 60GHz

band is primarily useful in scenarios such as short range communication within a room,

and outdoor fixed links with highly directive antennas, but not for wide-area coverage in

general. The 60GHz band has been around for several years with IEEE 802.11ad being

one standard designed for this frequency range, although with modest commercial

uptake.

20.2 Technology components for unlicensed spectrum

Accessing unlicensed spectra is, as seen here, different than using licensed spectra and

these differences impact the technical solutions. Unlike LTE, where support for unli-

censed spectra was added at a relatively late stage, the requirements for accessing

EU

US

Japan

f [GHz]

Korea

China

7166645957

Fig. 20.4 The 60GHz unlicensed band.
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unlicensed spectra were taken into account already from the start of the NRwork as part

of the general emphasis on forward compatibility. Consequently, there are a number of

NR technology components in release 15 that fit very well with unlicensed spectra. For

example, ultra-lean transmission, flexible frame structure, and dynamic TDD are all tech-

nology components valuable for operation in unlicensed spectra.

Ultra-lean design is an important aspect. Since channel access in unlicensed spectra

typically requires listen-before-talk, “always on” signals can be difficult to accommodate,

especially if they are frequent and has to be transmitted at a specific time. The cell-specific

reference signals in LTE is an example of such a signal. However, in NR the amount of

always on signals is very small due to the ultra-lean design. The SSB is the only funda-

mental always-on signal and in a stand-alone deployment the device only expects this

signal once per 20ms.a In non-standalone deployments this time can be even longer.

The flexible frame structure of NR is another example. The subcarrier spacing is cho-

sen to 30kHz, which is a suitable value for the unlicensed 5GHz and 6GHz bands. For

SCells, 15kHz subcarrier spacing can be configured as an alternative to 30kHz. How-

ever, more important is the possibility already in release 15 for a transmission to cover

only a part of a slot, sometimes referred to as a “mini-slot”, as described in Chapter 7

and illustrated in Fig. 20.5. This is highly beneficial in conjunction with the channel-

access procedures. Once access to the channel has been obtained, the transmission should

start immediately to avoid another device occupying the channel. In addition to trans-

missions starting at any OFDM symbols, cyclic prefix extension can be used to obtain

sub-OFDM-symbol granularity of the starting time. The use of front-loaded reference

signals for demodulation and in general short processing times in NR are also highly ben-

eficial for efficient exploitation of unlicensed spectra.

Dynamic TDD, which is the baseline in NRwhen handling unpaired spectra, is ben-

eficial for unlicensed operation. With a semi-static uplink-downlink allocation, the sys-

temwould be severely hampered in when channel access can be attempted. Furthermore,

Transmissions not
restricted to slot boundaries

Useful data Useful data

Data transmission starts
(using parts of a slot)

Channel available

One slot

Fig. 20.5 Decoupling transmissions from slot boundaries to achieve better support for unlicensed
spectra.

a In the connected state the device may also expect presence of the tracking reference signal.
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once the gNB successfully accesses the channel, dynamic TDD allows the channel to be

shared in a flexible way between downlink and uplink without being restricted by a semi-

static uplink-downlink allocation.

Nevertheless, despite NR being well-prepared for exploiting unlicensed spectra,

there are some enhancements needed to make the support complete. Dynamic

frequency-selection transmit power control, channel access procedures, resource-block

mapping, configured grant transmission, and hybrid-ARQ feedback are some of the areas

impacted when operating in unlicensed spectra. There are also some smaller enhance-

ments added in release 16 in order to support operation in unlicensed spectra, for example

removing the restriction of PDSCHmapping type B supporting 2, 4, and 7 OFDM sym-

bols only to support any duration from 2 to 13 symbols. In the following, a quick over-

view of some of these components is given with a more detailed description being

provided in the following sections.

Dynamic frequency selection is used to vacate the channel upon detecting interference

from radar systems, which is a requirement in some frequency bands. DFS is also used

when activating the node, for example at power up, in order to find an unused or lightly

used portion of the spectra for future transmissions. No specification enhancements are

needed to support DFS; implementation-specific algorithms in the gNB are sufficient.

Transmit power control is required in some bands and regions, requiring the trans-

mitter to be able to lower the power by 3 or 6dB relative to the maximum output power.

This is purely an implementation aspect and is not visible in the specifications.

Channel-access procedures, including listen-before-talk, ensures that the carrier is

free to use prior to transmission. It is a vital feature that allows fair sharing of the spectra

betweenNR and other technologies such asWi-Fi. In some regions, in particular Europe

and Japan, it is a mandatory feature. The channel-access procedures added toNR are very

similar to the one in LTE/LAA as well as the one used in Wi-Fi.

20.3 Channel access in unlicensed spectra

Accessing the radio channel in unlicensed spectra is different from licensed spectra in

some respects. In licensed spectra, the scheduler is in control of all the transmission activ-

ity in the cell and can coordinate the spectra usage across multiple devices. Periodic trans-

mission such as the SSB can also occur at regular intervals. In unlicensed spectra, on the

other hand, the situation is different. Accommodating multiple, uncoordinated users

which may use completely different radio-access technologies require additional mech-

anisms with two approaches defined for NR:

• Dynamic channel-access (also known as LBE) relies on listen-before-talk, where the

transmitter listens to potential transmission activity on the channel, applies a random

back-off before, and in general follows the same underlying principles as Wi-Fi. In
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some regulatory regions, for example Japan and Europe, listen-before-talk is mandated

in unlicensed bands with some other regions being more relaxed. Dynamic channel-

access is supported by NR in FR1 and FR2-2 and described in more detail in

Section 20.3.1.

• Semi-static channel-access (also known as FBE) does not use a random back-off but

instead allows transmissions to start at specific points in time only, subject to the chan-

nel being available as discussed in Section 20.3.2. It can be used if absence of any other

technology sharing a channel can be guaranteed on a long-term basis, for example

through regulation or operation in a limited, controlled area such a specific building.

Hence, the semi-static channel-access is particularly useful in many industrial scenar-

ios. NR supports semi-static channel access in FR1.b

Following a successful procedure according to either the dynamic or semi-static channel-

access procedures, the channel can be used during a period referred to as the channel occu-

pancy time (COT). During a COT, one or more transmission bursts can be exchanged

between the communicating nodes where a transmission burst is a downlink or uplink

transmission.

The purpose of the channel-access procedure is to detect whether the channel is in use

or not, typically employing some form of sensing such as LBT. An underlying assumption

is that a node trying to access the channel can hear any other node which might already

use the channel, see the left part of Fig. 20.6. However, in some situations this is not the

case as illustrated in the middle of Fig. 20.6. This is often referred to as the hidden node

problem and the channel-access procedures includes mechanism to mitigate this problem.

Note that, in FR2-2 where beamforming with narrow beams is extensively used, the

hidden node problem is less pronounced as nodes are better isolated in the spatial domain

(see right part of Fig. 20.6). Compared to FR1, the gain with LBT is therefore small in

FR2-2 and in principle LBT can be omitted without degrading the overall system

performance.

Tx1

Tx2

RxTx1

Tx2

Rx Tx1

Tx2

Rx

Fig. 20.6 Illustration of hidden node problem mitigation by beamforming.

b There is no fundamental technical reason prohibiting FR2-2 from being supported but semi-static channel

access for FR2-2 is not included in the release 17 specifications.
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In the following, both dynamic and semi-static channel access procedures will be

described, starting with dynamic channel access.

20.3.1 Dynamic channel-access procedures (LBE)
Dynamic channel-access procedures are based on listen-before-talk, where the transmit-

ter listens to potential transmission activity on the channel and uses a random back-off

time prior to transmitting. This is the same principle as used for Wi-Fi and LTE-LAA

and results in fair sharing of the unlicensed spectra with these technologies. Note that

LBT is a much more dynamic operation than DFS as it is performed prior to each trans-

mission burst. It can therefore follow variations in the channel usage on a very fast time

scale, fractions of milliseconds. Following a successful channel-access procedure, the

channel can be used during the COT.

Three main types of dynamic channel-access procedures are defined in NR:

• Type 1 (also known as “LBT cat4”), used for starting uplink or downlink data trans-

mission at the beginning of a COTc;

• Type 2, used for COT sharing as described in Section 20.3.1.2 and transmission of the

discovery burst. In FR2-2, there is a single version of type 2, while in FR1 there are

three flavors of channel access type 2 – 2A, 2B, and 2C – depending on the duration of
the gap in the COT

• Type 3, used for transmission without sensing the channel (FR2-2 only)

The different channel-access procedures are described in more detail in the following.

20.3.1.1 Channel-access procedure type 1 and listen-before-talk
Channel-access procedure type 1 (“LBT cat4”) is the procedure used to initiate one or

more transmission within the same COT. The initiator, which can be either the gNB

or the device, assesses whether the channel is available or not by performing the LBT

procedure with a random back-off as illustrated in Fig. 20.7. In the following, the access

procedure for FR1 is described. The procedure for FR2-2 is similar but with slightly

different values of some parameters as discussed at the end of the section.

First, the initiator listens and waits until the frequency channel is available during at

least a period referred to as the defer period. The defer period consist of 16ms and a num-

ber of 9ms slots where the defer period depends on the priority class as shown in

Table 20.1. A channel is declared to be available if the received energy during at least

4ms of each 9ms slot is below a threshold. The defer period, which always is at

least 25ms long,d serves the purpose of avoiding collisions with, for example,

c During the standardization discussions, “LBT cat3” was also discussed but eventually not included in the

specifications. Cat3 is similar to cat4 but uses a fixed-size contention window.
d The time 25ms is known as AIFS (arbitration inter-frame space) in Wi-Fi and equals the sum of the 16ms
SIFS (short inter-frame space) and the 9ms slot duration.
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acknowledgments from other nodes in response to data reception. If a receiving node

transmits the acknowledgment at most 16ms after data reception, it will not run the risk

of having some other node grabbing the channel before the acknowledgment is

transmitted.

Once the channel has been declared available during (at least) the defer period, the

transmitter starts the back-off during which it waits a random period of time. The back-

off procedure starts by initializing the back-off counter with a random number within the

contention window (CW). The number is drawn from a uniform distribution [0, CW] and

represents the duration in multiples of 9ms the channel must be available for before trans-

mission can take place. The larger the contention window, the larger the average back-

off value, and the lower the likelihood of collisions. The back-off timer is decreased by

Initialize backoff
counter 0,

0? transmit

Decrement counter 

Y

Channel idle
for 9 μs?

Wait until idle for
d 16 · 9 μs

Y

Wait until idle for
d 16 · 9 μs

Fig. 20.7 Channel-access procedure type 1.
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one for each 9ms slot the channel is sensed idle, whereas whenever the channel is sensed
busy the back-off timer is put on hold until the channel has been idle for a defer period.

The idle sensing in each 9ms time slot is subject to the same rules as described earlier, that

is, the received energy should be below a threshold. Once the timer has expired, the ran-

dom back-off procedure is completed, and the transmitter has acquired the channel and

can use it for transmission up to the maximum channel occupancy time for that

priority class.

The reason for the random back-off procedure is to avoid collisions between multiple

transmitters.Without the random back-off, two nodes waiting for the channel to become

available would start transmitting at the same time, resulting in a collision and most likely

both transmissions being corrupted. With the random back-off, the likelihood of mul-

tiple transmitters simultaneously trying to access the channel is greatly reduced.

There are four different priority classes defined, each with individual contention win-

dows and with different maximum and minimum values of the contention window as

shown in Table 20.1. The intention with different priority classes is to use a smaller con-

tention window to get faster access to the channel for high-priority traffic while low-

priority traffic uses a larger contention window, increasing the likelihood of high-priority

data being transmitted before low-priority data. The priority class is configured per log-

ical channel. Likewise, different defer periods are used for the different priority classes,

resulting in high-priority traffic sensing the channel for a shorter period of time and grab-

bing the channel quicker than low-priority traffic. Furthermore, as seen in the table,

downlink transmissions have a shorter defer time than uplink transmissions. Thus, at high

load, downlink transmissions have a higher probability to happen compared to uplink

transmissions. In other words, a gNB potentially serving multiple users has a higher like-

lihood of winning the channel contention compared to a device UE transmitting in the

uplink and serving that user only.

Table 20.1 Contention-windows sizes for different priority classes in FR1.

Priority class
Defer period
Td516+m ∙9 ms

Possible CW values
{CWmin, …, CWmax] Max COTa,b

1 DL 25 ms {3, 7} 2ms

UL 34 ms 2ms

2 DL 25 ms {7, 15} 3ms

UL 34 ms 4ms

3 DL 43 ms {15, 31, 63} 8ms or 10ms

UL {15, 31, 63, 127, 255, 511, 1023} 6ms or 10ms

4 DL 79 ms {15, 31, 63, 127, 255, 511, 1023} 8ms or 10ms

UL 6ms or 10ms

aRegulatory requirements may limit the burst length to smaller values than in the table. If no other technology is sharing
the channel, 10ms is used, otherwise 6ms.
bThe 6ms may be increase to 8ms by inserting one or more gaps. The minimum duration of a gap shall be 100ms. The
maximum duration before including any such gap shall be 6ms.
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The size of the contention window is, except for FR2-2, adjusted based on hybrid

ARQ acknowledgments received from the transmitter during a reference interval which

(somewhat simplified) covers the beginning of the COT. For each received hybrid-

ARQ report, the contention window CW is (approximately) doubled up to the limit

CWmax if a negative hybrid-ARQ is received.e For a positive hybrid-ARQ acknowledg-

ment, the contention window is reset to it minimum value, CW¼CWmin. The moti-

vation for this procedure is to be less aggressive in using the channel when transmissions

does not succeed, which most likely is due to collisions with other transmissions and thus

an indication of a highly loaded system. The intention of only considering acknowledg-

ments at the beginning of the COT is that a negative acknowledgment for the first trans-

mission in a COTmay be triggered by a collision, in which case the contention-window

size should be updated, while any negative acknowledgments later in the COT are not

due to collisions and hence should not affect the window size.

For downlink transmissions and uplink transmissions with configured grants, the

contention-window adjustment described above can directly use the acknowledgments

transmitted in the uplink and on the downlink feedback channel (see Section 20.5.3),

respectively. For dynamically scheduled uplink transmissions, where no explicit

acknowledgment is transmitted in the downlink, the new-data indicator, toggled for each

new transmission and not toggled for retransmissions, is used instead.

As discussed above, the channel is declared to be available if the energy measured in at

least 4ms of each 9ms slot is below a threshold. The threshold depends on several param-

eters such as the channel bandwidth,f but most important is whether the carrier frequency

on a long-term basis is sharedwith other radio-access technologies, for exampleWi-Fi, or

if the deployment is such that it can be guaranteed to be used by NR only. It can also

depend on the frequency band upon which the system operates [88].

In the former case, coexistence with other technologies on the same carrier in the

5GHz band, the maximum threshold is set somewhat conservative to �72dBm for a

20MHz carrier. This can be compared to Wi-Fi which uses two thresholds,

�62dBm if no Wi-Fi preamble is detected and �82dBm in case a Wi-Fi preamble is

detected. The choice of �72dBm for NR (and LTE-LAA) can thus be seen as a com-

promise in between the two Wi-Fi levels. It also means that NR tend to yield to Wi-Fi.

In the latter case, when NR is the only technology using the carrier, the threshold is

set to �62 dBm for a 20MHz channel, unless regulations require a lower value. For

uplink transmissions, the threshold can be configured using RRC signaling to meet

any regulatory requirement.

e The description is slightly simplified; the specifications describe in detail how to handle different cases of

bundled acknowledgments, see [63] for details.
f The threshold scales with the channel bandwidth, thus in essence being a threshold for the power spectral

density rather than the power.
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The procedure above is described with FR1, in particular the 5GHz and 6GHz

bands, in mind. For FR2-2, the same general procedure is used albeit with some changes,

the main one being

• 8ms and 5ms are used for the defer period and the sensing slot duration, respectively,

instead of 16ms and 9ms; and
• there is a single priority class with the contention window fixed to 3; and

• the energy threshold is �60+(Pmax-Pout) dBm in a 2GHz channel, where Pmax and

Pout are the RF output power and the maximum EIRP, respectively, for the intended

transmission.

The reason for the overall simplified handling of priority classes and contention windows

in FR2-2 is the extensive use of beamforming at these frequencies, which results in a high

degree of spatial isolation compared to FR1.

20.3.1.2 Channel-access procedure type 2 and COT sharing
Type 1 is, as stated, the procedure used to initiate transmissions within one COT. There

could of course be a single transmission within the COT, for example data transmission

from the gNB to the device. However, once the initiator, which can be the gNB but also

a device, has obtained access to the radio channel, it may actually be used for multiple

transmissions from different nodes, immediately following each other in which case a

complete type 1 procedure is not necessary other than for the initial transmission.g This

is known as COT sharing for which channel-access type 2 is used. There are different

flavors of channel-access type 2 depending on the frequency range and the size of the

gap between two transmission burst:

• Type 2A (also known as “LBT cat2”), used in FR1 when the COT gap is 25ms or
more, and for transmission of the discovery burst;

• Type 2B, used in FR1 when the gap is 16ms;
• Type 2C (also, somewhat incorrectly, known as “LBT cat 1”), used in FR1 when the

gap is 16ms or less;
• Type 2, used in FR2-2

Channel-access types 2A/2B/2C are described in the following, assuming operation in

FR1. The same overall procedure is used for FR2-2 but with different parameters as dis-

cussed at the end of this section.

If the next transmission follows at most 16ms after the preceding one, no idle sensing is
required between the transmission bursts as illustrated in Fig. 20.8. This is known as

channel-access procedure type 2C, sometimes referred to as LBT cat 1 (incorrectly

g There are some limitations, for a gNB-initated COT, sharing DL-UL and DL-UL-DL are supported,

while for a device-initiated COT only UL-DL is allowed (with restrictions).
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as there is no LBT operation but only a constraint on the gap length). The transmission

burst duration is limited to at most 584ms. Such a short burst can carry small amounts of

user data but also, more importantly, uplink control information such as hybrid-ARQ

status reports and CSI reports. In essence, the uplink transmission can “piggyback” on

the type 1 procedure performed for the downlink transmission (as long as the maximum

COT is not exceeded).

The defer period of 25ms for type 1 has been designed with type 2C and COT sharing

for feedback information in mind – as long as the next transmission is within 16ms, the
defer period of at least 25ms ensures that another transmitter trying to grab the channel

using type 1 will not be able to interrupt the ongoing COT.

Longer gaps in the COT sharing are also possible but require channel sensing and

channel access procedure type 2A or 2B. In essence, types 2A and 2B can be seen as type

1 but without the random back-off – if the channel is detected idle it is declared to be

available, if it is detected busy the COT sharing has failed and the transmission cannot

occur using COT sharing in this COT.

If the COT sharing gap is 16ms, channel-access procedure type 2B is used and the

channel must be detected to be idle in the 16ms gap prior to the transmission.

If the COT sharing gap is 25ms or longer (but the transmission is still within the COT),

channel-access procedure type 2A is used. The channel must be detected idle during at

least the 25ms immediately preceding the next transmission burst. Type 2A is can also be

used for non-unicast transmissions with a duty cycle of at most 1/20 and a channel occu-

pancy of at most 1ms, for example infrequent transmission of control information such as

the SSB in case of stand-alone operation as discussed in Section 20.8.2.

TouseCOTsharing, the gaps between the transmission bursts typically need to be small,

smaller than the duration of an OFDM symbol. Hence, the regular time-domain resource

allocation, operating onOFDM symbol level, is not sufficient. This is addressed by the pos-

sibility to indicate anextensionof thecyclicprefix suchthat the transmission starts earlier than

the OFDM symbol boundary, see Fig. 20.9. In addition to no cyclic extension, three dif-

ferent alternatives of cyclic extension can be signaled as part of the uplink scheduling grant:

C2Tsymb�TTA�16 ms, C3Tsymb�TTA�25 ms, and Tsymb�25 ms.
A cyclic extension of C2Tsymb�TTA�16 ms is used when a gap of 16ms between a

downlink burst and an uplink burst sharing the same COT is desirable, typically in

DL data UL data

COTType 1

DL data

Type 2A, B, or C depending on gap size <25 μs (Type 2B or 2C)

Fig. 20.8 An example of COT sharing.
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combination with channel-access procedure type 2B. The reason for including the

timing advance in the expression is to ensure a gap of 16ms between downlink and

uplink at the gNB, despite the amount of timing advance applied at the transmitter

in the device, for example to achieve the downlink-to-uplink COT sharing illustrated

in Fig. 20.8. Similarly, a cyclic extension of C3Tsymb�TTA�25 ms can be used to

create a gap of 25 ms, typically in combination with a channel-access procedure type

2A. A cyclic extension of Tsymb�25 ms, which does not compensate for the timing

advance, is also possible.

The integersC2 andC3 in the expressions above are configured using RRC signaling.

The reason is to handle scenarios where larger amounts of timing advance are expected. If

C2 and/or C3 are not set to values larger than one, these expressions might result in a

negative cyclic extension, which clearly is not possible.

In the uplink, the amount of extension to use is indicated in the scheduling grant as

described in Section 20.6.4.2. Cyclic extension is useful in the downlink as well for sim-

ilar reasons as in the uplink. However, as downlink transmission procedures in general are

implementation choices, the specifications do not mention this case but leave it for

implementation.

For FR2-2, the same overall procedure as above is used but with 8ms and 5ms for the
defer period and the sensing slot duration, respectively. Furthermore, there is only a sin-

gle type 2 procedure, without any subdivision into 2A, 2B, and 2C.

20.3.1.3 Channel-access procedure type 3
Channel-access procedure type 3 implies that the transmission takes place without a pre-

ceding sensing procedure. It is only available in FR2-2 and used for the discovery burst

andmsg1/msgA in the random-access procedure in regions where short control signaling

transmissions do not require channel sensing.

20.3.2 Semi-static channel access procedures (FBE)
In deployments where it can be guaranteed that no other technology is using the spectra

on a long-term basis, for example through regulation or deployments in a specific,

Downlink

Cyclic extension

Uplink

TA

symb TA 16 μs

Downlink

Uplink

16 μs gap

BNgtAecivedtA

OFDM symbol

Fig. 20.9 Illustration of cyclic extension in the uplink in case of COT sharing between downlink and
uplink (16ms gap and C2¼1 assumed in this example).
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controlled area, semi-static channel access can be used as an alternative to dynamic chan-

nel access. In the uplink, the device can be configured to use either dynamic or semi-

static channel access, while it is an implementation choice in the downlink.

In semi-static channel-access procedures, a COT can be initiated at regular time

instants, that is, a COT can start once every Tx milliseconds subject to the channel being

idle at least 9ms before the start.h The intervalTx between two consecutive time instants is

configurable from 1ms to 10ms. There is also a requirement that a gap of at least 5% of

Tx (and at least 100ms) must occur between each COT to give other transmitters a chance

to acquire the radio channel. If sensing finds the channel busy at the start of a COT, the

next attempt to start a COT Is at the next time instant as illustrated in Fig. 20.10. It is also

possible to configure an offset for a device such that the time instants when a COT may

start do not overlap between the gNB and the device. Note that, unlike dynamic channel

access (LBE), there is no random back-off in semi-static channel access (FBE). Thus,

transmissions in a system using semi-static channel access are often more predictable

and semi-static channel access is therefore beneficial for, for example, time-critical indus-

trial IoT applications (see Chapter 21).

A COT can be initiated by the gNB or, starting from release 17, by the device.

COT sharing can be used in a similar manner as for dynamic channel-access if the gap

between two channel uses within a COT is at most 16ms. Cyclic prefix extension can

be used to fill the gap but with different values of the extension compared to dynamic

channel access. For longer gaps, the channel must have been sensed idle for at least

9ms. In the examples in Fig. 20.10, the first COT is initiated by the gNB and used

by a gNB transmission only, while the middle COT is initiated by the gNB but used

by both the gNB and the device. The rightmost COT, finally, is initiated by the

device and used by the device only.

DL DL UL

<16 μs
idle > 9 μs

Tx Possible gNB-initiated COT starting positions

gNB-initiated COT

<0.95Tx

UL

Device-initiatedCOT

Possible device-initiated COT starting positions

configurable
offset

gNB-initiated

device-initiated
(relase17)

Fig. 20.10 Example of a semi-static channel-access procedure.

h The variable Tu is used for devices instead of Tx. Values larger than 16ms for device-initiated COT can be

configured.
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Uplink transmission may use configured grants. In this case, there are rules around

which COT to use for the configured grant – if there is an ongoing gNB-initiated

COT and the uplink transmission will complete prior to the end of the COT, the

gNB-initiated COT is used, otherwise the device must initiate its own COT for this

transmission, which is possible only at the COT starting positions. Detecting the presence

of an gNB-initiated COT can be done by monitoring for gNB-transmissions at each

gNB COT starting position. The background to this rule is to increase the likelihood

of a configured grant being able to transmit. Always using a device-initiated COTwould

restrict the possible transmissions to the time instants where a COT may start. By allow-

ing the device to reuse the gNB-initiated COT, the configured grant can start transmis-

sions at almost any time, subject to the 9ms idle sensing gap.

20.3.3 Carrier aggregation and wideband operation
The dynamic channel-access procedures above are described assuming a single channel.

In FR2-2, the corresponding channel bandwidth is 2GHz. A single channel thus pro-

vides sufficient bandwidth and no further arrangements are needed. In FR1, on the other

hand, many regulatory requirements divide the overall spectra into 20MHz channels

which may not be sufficient. However, operation of NR in unlicensed spectra is not lim-

ited to a single 20MHz channel in FR1 and transmission over wider bandwidths are

supported.

Starting with discussing dynamic channel access, two approaches to access transmis-

sion bandwidth is larger than 20MHz are defined, differing in how the channel, some-

times somewhat sloppily referred to as “LBT bandwidth”, in the channel-access

procedure is defined:

• carrier aggregation, where multiple carriers, each at most 20MHz wide and corre-

sponding to one channel, are aggregated to obtain the desired total bandwidth; and

• wideband carrier, where the carrier has a bandwidth wider than 20MHz and is split

into multiple channels for channel-access purposes. Carrier aggregation can be used in

this case as well, but any carrier wider than 20MHz needs to be split into multiple

20MHz channels.

The carrier-aggregation approach is straightforward. Multiple component carriers, each

at most 20MHz wide, are used with each component carrier corresponding to a channel

from a channel-access perspective. Each carrier is separately scheduled although there can

be a dependency across the carriers in the channel-access procedure with either one back-

off counter shared across multiple carriers or each carrier maintaining its own back-off

counter.

If a single back-off counter is shared across multiple component carriers for

dynamic channel access, a transmission burst can take place on multiple carriers once

the back-off counter has expired and each of the carriers involved in the transmission
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has been declared to be idle for at least 25ms to the transmission. This is illustrated to the

left in Fig. 20.11.

If multiple back-off counters are used for dynamic channel access, one per component

carrier, transmission can take place on a carrier once its back-off counters have reached

zero. The back-off counters for different carriers may reach zero at different time instants.

In principle carriers may thus start to transmit at different time instants. However, in prac-

tice an “early” carrier cannot start to transmit until all carriers have completed their back-

off procedures as transmission on one carrier would negatively impact the possibility for

the listening on a neighboring carrier, see the right part of Fig. 20.11.

In the second approach with one (or more) carriers wider than 20MHz, each of the

carriers must be divided into multiple 20MHz channels upon which the channel-access

procedure is defined. This is achieved by splitting the overall carrier bandwidth into several

sets of resource blockswith each resource block set corresponding to one channel (or “LBT

bandwidth”) for the purpose of channel access. Although the channel-access procedure

operates per resource block set, the actual transmission is scheduled across the whole car-

rier, subject to the scheduled resource blocks being declared available by the channel access

procedure. As an example, assume an 80MHz carrier consisting of four sets of resource

blocks, each corresponding to a 20MHz channel. If three of these sets have been declared

as available by their respective channel-access procedure but not the fourth set, the sched-

uling assignment must not schedule resource blocks corresponding to the fourth set. Since

transmissions should start very shortly after a successful channel-access procedure, the time

available for determining the scheduling assignment and assembling the corresponding

transport block is very short, in the order ofmicroseconds, for downlink carriers larger than

20MHz.i The carrier aggregation approach is more relaxed in this aspect as the scheduling

decision and transport block assembly can be performed in advance as there is limited

dependency across carriers. For uplink transmissions on a wideband carrier, the device

transmits only if all the scheduled resource blocks are subject to a successful channel-access

procedure and are contiguous in frequency. Thus, if one ormore of the scheduled resource

Carrier #1

Carrier #2

Carrier #3

carrier busy

Backoffcomplete

Transmission burst

idle sensing – #2 free, #3 busy #3 busy - no transmission

ysub reirrac

Wait until all backoff completes for all carriers

Transmission burst

Fig. 20.11 LBT for multiple carriers, single back-off counter (left), individual back-off counters (right).

i Onepossibility tohandle this is for thegNBtospeculativelypreparePDSCHtransmission foroneora fewof the

possible outcomes of the per-RB-set channel-access procedures, for example all resource-blocks sets being

declared available. Obviously, this would be suboptimal but allow for a simpler implementation.
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blocks belong to a resource-block set not subject to a successful channel access, no uplink

transmission takes place on any of the scheduled resource-block sets.

Operatingwith wider carriers also requires guard bands between the resource block sets

as shown in Fig. 20.12. The size of the guard bands has been chosen such that no filtering is

needed to ensure that transmission on one resource block set does not cause significant

interference to a neighboring resource block sets not available for transmission. The guard

bands are either configured via RRC signaling or derived from the RF requirements.

For both carriers at most 20MHz wide and carriers wider than 20MHz, it is possible

to indicate through group-common signaling to a device that some carriers or some

resource block sets are not available for transmission during a downlink transmission

burst. This can be useful for the device as a way to reduce power consumption by

not monitoring for PDCCH on carriers or resource block sets not being used for down-

link data transmission.

The description above assumes dynamic channel access in FR1 (the channel band-

width in FR2-2 is, as described in the beginning of the section, sufficiently wide an

no specific wideband handling is needed). For semi-static channel access in FR1, a similar

approach is used with a wideband carrier divided into multiple resource block sets. For

uplink transmissions, all resource block sets upon which transmissions are to take place

must be available in order for the transmission to occur. Furthermore, PUSCH repeti-

tions type B are dropped if they occur outside the COT. For downlink transmissions, the

gNB may transmit upon any resource block set (“LBT bandwidth”) found available,

regardless of the other resource block sets, as long as guard bands are configured as illus-

trated in Fig. 20.12. Without guard bands configured, all resource block sets must be

declared available prior to transmission on any of them.

20.4 Downlink data transmission

Downlink data transmission in unlicensed spectra is largely similar to data transmission

in licensed spectra with the addition of the channel-access mechanisms described. Many

of the requirements specific to unlicensed spectra can be handled in an implementation-

specific manner. For example, spreading out the transmission over a larger distributed

bandwidth to meet limitation on the power spectral density can be achieved by suitable

50 RBs, RB set #0, 6 RB 
guard

5 RB 
guard

6 RB 
guard

Carrier bandwidth (217 RB, ~80 MHz @ 30 kHz subcarrier spacing)

50 RBs, RB set #1 50 RBs, RB set #2 50 RBs, RB set #3

Fig. 20.12 Example of wideband operation using a single carrier with guard bands.
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scheduling decisions using resource allocation mechanisms already part of NR

release 15.

After a successful channel-access procedure, the gNB can start scheduling data to one

or more devices as described in earlier chapters. The flexible frame structure of NR,

where data transmissions are not constrained to the slot boundaries, is beneficial as it

reduces the delay from a successful channel access to transmission of the data burst

(and between transmission burst in case of COT sharing). The front-loaded DM-RS

design of NR, where for PDSCH mapping type B the reference signal is located at

the beginning of the transmission, is also highly beneficial as it reduces the processing

time in the device. To fully exploit these benefits, PDSCH mapping type B is extended

to support any PDSCH length from 2 to 13 symbols (in release 15, only 2, 4, and 7 sym-

bols are supported in the downlink as part of the device capabilities despite the general

structure allowing any length).

20.4.1 Downlink hybrid ARQ
Hybrid-ARQ feedback in response to downlink data transmission, including the code-

book used to multiplex multiple acknowledgments, is enhanced in release 16. In short, as

discussed in Chapter 13, the release 15 design is based on the gNB controlling the time

instant when the device should transmit the hybrid-ARQ acknowledgment, and the

one-to-one mapping in the time domain between the PDSCH transmission and the cor-

responding feedback. These assumptions may not necessarily hold in unlicensed spectra as

the exact timing of both downlink data transmission as well as uplink feedback informa-

tion are subject to a successful channel-access procedure, calling for enhancements to the

hybrid-ARQ design.

In licensed spectra, the gNB indicates when the device should transmit the hybrid-

ARQ acknowledgment through the hybrid-ARQ timing field as described in

Chapter 13. This provides flexibility on when to transmit the acknowledgment, which

is needed also for unlicensed operation. However, once the gNB has informed the device

when the acknowledgment is to be transmitted, there is no choice for the device but to

transmit. This does not blend well with the channel-access procedures required when

operating in unlicensed spectra where the device may not be able to transmit in case

of an unsuccessful channel-access procedure. If all devices have very fast processing

(see Section 13.1.4) and can generate the acknowledgment almost immediately after

the PDSCH transmission, they could in principle feed back the result within the same

COT. However, at least some devices have less aggressive decoding capabilities and can-

not transmit the acknowledgment within the same COT but must defer it to a later point

in time.

Furthermore, even if the device transmits a hybrid-ARQ acknowledgment, the

gNB may not receive it properly. From a gNB perspective, a failed uplink channel-
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access procedure at the device or a transmitted but not received hybrid-ARQ message

are indistinguishable. Due to the one-to-one mapping between PDSCH transmission

and the corresponding feedback in the time domain, if the gNB fails to detect the feed-

back at the predefined time location, the gNB will have to assume NACK and retrans-

mit all the corresponding PDSCHs. While missing a PUCCH transmission on a

licensed carrier is unlikely, it is much more likely to happen on an unlicensed band

due to collisions.

Finally, the device may miss the PDCCH transmission in which case the device and

the gNB may have different understanding of the number of PDSCH transmissions to

acknowledge. To handle this situation, the DAI is used as described in Chapter 13

to calculate the codebook size. For every PDSCH transmission, the cDAI signaled in

the DCI is incremented by one and represents the number of scheduled PDSCHs up

to the point the PDCCHwas received. By comparing the cDAI value between received

PDCCHs, the device can determine whether it missed a PDCCH or not and account for

this when generating the hybrid-ARQ acknowledgment. In release 15, two bits are used

for the DAI, that is, after reaching the highest DAI value the counter wraps around to

zero again. The consequence of this is that if four or more PDCCHs are missed, the

device will not be able to correctly calculate the codebook size. In licensed spectra, miss-

ing four or more consecutive PDCCHs is unlikely and the limited DAI size is not an

issue. However, in unlicensed spectra, collisions between transmissions are more likely

and the limited DAI size is a problem.

To handle these issues, release 16 introduces the possibility to postpone the trans-

mission of the hybrid-ARQ acknowledgment to later, unspecified point in time. As

described in Chapter 10, the hybrid-ARQ timing indicator fields points into an

RRC-configured table from which the timing is obtained. By setting one of the entries

in the table to “later”, the gNB can instruct the device not to transmit the hybrid-ARQ

acknowledgment but instead store it until a later point in time, see Fig. 20.13.

To handle the limited DAI field and the impact missing multiple sequential PDSCH

transmissions has on the dynamic hybrid-ARQ codebook, the concept of

PDSCH groups are introduced as part of an enhanced dynamic hybrid-ARQ code-

book. Up to two PDSCH groups can be configured and the DAI operates
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Fig. 20.13 Same-COT and cross-COT hybrid-ARQ acknowledgments.
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independently between the two groups,j while the acknowledgments transmitted on

PUCCH can include both groups. The downlink control signaling includes the group

number when scheduling PDSCH transmissions in order to assist the device in deter-

mining the codebook and the resulting acknowledgment message. Additionally, the

new feedback indicator (NFI) is introduced in the downlink control signaling to indi-

cate whether the gNB has received the previous acknowledgment message for a group

or not. The new feedback indicator for a group is toggled whenever the acknowledg-

ment message is correctly received by the gNB. By using this indicator, the device can

determine whether to include the feedback from previous downlink transmissions for

the corresponding group or not.

An example of the operation is provided in Fig. 20.14. The first two downlink

transmissions, to the left in the figure, belong to PDSCH group 0 and are received

by the device (at least the control signaling, data decoding may or may not succeed),

while the next two transmissions are not seen by the device, for example because of

collisions with some other usage of the unlicensed spectra. As a result, when it is time

to transmit the hybrid-ARQ report for PDSCH group 0 in the fifth slot, the gNB

expects a report covering four PDSCH transmissions, while the device is only aware

of two transmissions and hence only reports the outcome of those two. In other

words, there is a mismatch between the device and the gNB about the size of the

hybrid-ARQ report and the decoding of the PUCCH will fail.

In (the first part of) the fifth slot there is also downlink transmission which is to be

acknowledged at a later point in time. If the device would have been fast enough to

decode the downlink transmission in time for inclusion in the uplink hybrid-ARQ report

in the fifth slot, the two missed transmissions could have been detected, but this is not the

case in this example. Instead, the downlink transmission in the fifth slot is indicated to be

part of PDSCH group 1 and the acknowledgment of this transmission is indicated to

be part of a future acknowledgment report.

At a later point in time, two downlink transmissions in PDSCH group 1 take place.

Since the gNB did not receive a proper hybrid ARQ report for PDSCH group 0, the

gNB request feedback from both groups by not toggling the new feedback indicator

for either of the groups, indicating to the device to include not only the acknowledg-

ments from PDSCH group 1 but also the acknowledgments for the not-yet-

acknowledged PDSCH group 0.

In the example, two downlink transmissions were lost but the scheme would work

also in the case of four sequential downlink transmissions being lost. Without the

PDSCH groups, this would not be possible to handle with only two DAI bits.

j Note that DAI is increased in size; the cDAI and tDAI for the current group is signaled, as well as tDAI for

the other group.
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Beside acknowledge reporting using the dynamic codebook as described, there is also

the possibility for a one-shot feedback report where the device is requested to report the

status, positive or negative acknowledgment, for all the hybrid-ARQ processes. This

type of reporting is also known as type 3 codebook. By setting a flag in the DCI sched-

uling a downlink transmission, the device will respond to by transmitting a status report

across all hybrid-ARQ processes.

20.4.2 Reference signals
The reference signal structure is largely identical to release 15.

TheDM-RS for PDSCHmapping type B is extended to provide additional flexibility

in scheduling only part of a slot. Instead of being restricted to transmissions being 2, 4, or

7 symbols long, PDSCHmapping type B has been extended to support any lengths from

2 to 13 as described in Chapter 9.

The CSI-RS configuration in release 15 is sufficiently flexible and a reasonable con-

figuration would be to configure CSI-RS resource(s) to be confined within resource-

block set(s). The specifications do not preclude configuring a CSI-RS spanning multiple

resource-block sets, but a device assumes no CSI-RS is transmitted as soon as one or

more of the resource-block sets over which the CSI-RS is configured is signaled as una-

vailable by DCI format 2_0.

The TRS, which in essence is a specific CSI-RS as described in Chapter 9, can be

configured to cover only 48 resource-blocks compared to 52 in release 15. The reason

is to ensure the tracking reference signal to fit within a resource-block set.

20.5 Uplink data transmission

Enhancements for uplink data transmission have a larger impact on the specifications than

in the corresponding downlink enhancements.

20.5.1 Interlaced transmission in FR1
One aspect of unlicensed operation that calls for enhancements to the NR standard is the

regulatory limit not only on the maximum output power a device may use but also limits

on the maximum power spectral density, for example, 10dBm/MHz in some regulatory

regions in the 5 and 6GHz bands. In principle, one approach would be to reuse the basic

NR structure and set the transmission power such that regulatory limitations on both out-

put power and power spectral density are fulfilled. However, this would limit the coverage

in some cases, for example when the payload to transmit is small and only a fraction of the

carrier bandwidth is required for transmission. Instead, it is beneficial to spread out the pay-

load across a larger bandwidth to maximize the transmit power. Although this in principle

could be achieved with resource allocation type 0, which is the approach used for
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non-contiguous frequency domain resource allocations in the downlink, only type 1 is

supported for the uplink in release 15. Therefore, interlaces and resource allocation type

2 are introduced as part of the uplink resource allocation mechanism as a way to spread out

the transmission across a larger bandwidth. Not only does this help resolving the coverage

issue, it is also beneficial in terms of fulfilling requirements on the minimum occupied

bandwidth defined in some regulatory regions. This is primarily of interest in FR1, which

has been an underlying assumption when defining resource allocation type 2. In FR2-2,

regulations and output powers are such that there is no need for interlaced transmissions.

To support interlaced transmission in FR1, the overall carrier bandwidth is divided

into a number of interlaces for carriers wider than 10MHz. The number of interlaces

depends on the subcarrier spacing, 10 interlaces for 15kHz subcarrier spacing and 5 inter-

laces for 30kHz. Thus, for 15/30kHz subcarrier spacing every 10th/5th resource block is

part of the same interlace.

The interlaces are based on the common resource blocks, that is, are relative to point

A. Having a common reference point results in a clean structure and simpler resource

allocation. Otherwise, different bandwidth parts might need to use different interlace

indices to refer to the same underlying interlace which would be an extra complication

in scheduling and resource allocation for PUSCH and PUCCH among different users.

The interlaces are illustrated in Fig. 20.15, where interlace i consists of CRBs m,

m+M, m+2M, … with M denoting the number of interlaces (5 or 10 depending on

the subcarrier spacing). Note that the first resource block in a bandwidth part is not nec-

essarily part of the first interlace.

If the device is configured to use interlaced transmission in the uplink, PUSCH

resource allocation type 2 is used. The scheduling grant contains information on which

interlace(s) and which resource block set(s) to use for the transmission (see Section 20.6.3

for details). PUCCH transmissions can also be configured to use the interlace structure

with modifications to the PUCCH formats as outlined in Section 20.7.1.

If interlaces are not configured, the resource allocation operates as in release 15, that is,

resource allocation type 0 is used for the PUSCH and the PUCCH structure is as

described in Chapter 10.

20.5.2 Dynamic scheduling for uplink data transmission
Uplink data transmission in unlicensed spectra can, similar to release 15, either rely on

dynamic scheduling or configured grants.

Dynamically scheduled uplink transmissions are relatively straightforward. The

gNB provides the device with a scheduling grant which the device follows in line with

the release 15 procedures. The enhancements are mainly limited to the support of inter-

laced transmission and scheduling of multiple transport blocks with a single grant as

described in Section 20.6.4.2, and to the channel-access procedure required prior to
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an uplink transmission as described in Section 20.3. The scheduling grant is extended to

include information necessary for the enhanced resource allocation, cyclic prefix exten-

sion, and the channel-access procedure the device should apply prior to transmission.

Note that, as it is unknown at the point of transmitting the scheduling grant from the

gNB whether the channel-access procedure will succeed or not, it is not guaranteed

that the device will transmit in the uplink. This is different from when operating in

licensed spectra where uplink transmission is guaranteed (assuming the device properly

receives the grant).

In the first release of NR, a scheduling grant triggers transmission of one transport

block. This is possible also in unlicensed spectra. However, since the transmissions typ-

ically are subject to a channel-access procedure with unpredictable outcome at the time

of sending the scheduling grant, successful uplink transmission requires both the down-

link and uplink channel-access procedures to be successful. To mitigate this cost, and to

be able to transmit larger amounts of data once, one scheduling grant transmitted in the

downlink can schedule multiple transport blocks in the uplink, see Fig. 20.16. The trans-

port blocks are transmitted, one after each other, in separate slots (or “mini-slots”).With-

out these enhancements, a new scheduling grant would need to be transmitted in the

downlink, subject to a channel-access procedure and (potentially) an associated

back-off, for each uplink transmission.

The grant also includes a new-data indicator and a redundancy version for each of the

transport blocks, while the modulation-and-coding scheme and the frequency-domain

allocation is the same across the scheduled transport blocks.

A single grant scheduling multiple uplink transmission could in principle be beneficial

as a way to reduce overhead also in licensed spectra, but the need is significantly pro-

nounced when operating in unlicensed spectra for the reasons discussed.

The scheduling requests needed for dynamic scheduling are handled in the same way

as in release 15, subject to a channel-access procedure. The handling of the scheduling

request prohibit timer is slightly modified. If the scheduling request it is not transmitted as

a result of a non-successful channel-access procedure, the device can transmit the sched-

uling request again even if the timer has expired.

TB n+1 TB n+2TB n

DCI

Same MCS but individual RV and NDI

TB n+1 TB n+2TB n

DCI

Individual MCS, RV, and NDI

DCI
DCI

timetime

Fig. 20.16 Individually scheduled uplink transmissions (left) and one DCI scheduling multiple uplink
transmissions (right).
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20.5.3 Configured grants for uplink data transmission
Transmission using a configured grant, see Section 14.4, is supported for licensed spectra

already in the first release of NR as a mean to reduce control signaling overhead. This

reason holds also for unlicensed spectra, but more important is that it allows for data trans-

mission without a preceding request–grant phase, something which is more problematic

when each transmission requires a channel-access procedure which may fail. Conse-

quently, configured grants, both type 1 and type 2, are supported with the transmission

being subject to a successful channel-access procedure. Apart from the channel-access

procedures required, two main enhancements have been added to better support oper-

ation in unlicensed spectra:

• Back-to-back uplink transmission within a single COT and at the same time allow the

gNB to reserve slots for other purposes such as uplink and downlink control signaling.

• Decoupling of the hybrid-ARQ process identifier from the slot number. This requires

uplink control information for configured grant operation, as well as downlink feed-

back information to indicate to the device whether the transmission was successfully

received or not.

Similar to release 15, thedevice is configuredwith aperiodicity for theconfiguredgrant.The

starting time instant is provided either through configuration (type 1) or through the

PDCCH (type 2). At those time instants, the device is allowed to perform a channel-access

procedure and, if successful, transmits data in the uplink. Multiple consecutive transport

blocks canbe transmitted, following the same lines as fordynamic scheduling. If the channel-

access is unsuccessful, the device must wait until next time instant before trying again.

To better exploit the transmission opportunity obtained by a device, configured

grants also support transmission of multiple transport blocks back-to-back. With this,

a single COT can be used to transmit multiple transport blocks over multiple slots, result-

ing in a longer COT than if only single transport blocks were allowed as is the case in

release 15.

COT sharing as discussed in Section 20.3.1.2 is supported also when the COT is ini-

tiated by the device using a configured grant. This is done by the device signaling to the

gNB using uplink control information on PUSCH the identity of the device and infor-

mation necessary for COT sharing. Thus, even if the device initiated a COT for uplink

data transmission, the gNB can benefit from it for downlink data transmission by using a

quick type 2 channel-access procedure instead of type 1 including the random back-off.

The rules for configured grants with semi-static channel access, described in

Section 20.3.2, are such that the configured grant can have a very high likelihood of being

able to transmit when needed. In principle the gNB could initiate a COT by performing

a short transmission at the beginning of every COT period, which allows the devices to

use the gNB-initiated COT for their configured grants.
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The other main area affected by configured grants in unlicensed spectra relates to the

hybrid-ARQ protocol. In release 15, the hybrid-ARQ process number is linked to

the symbol number within the configured periodicity for configured grant transmission.

This ensures that the device and gNB has the same understanding of the hybrid ARQ pro-

cess used for the transmission but also assumes that transmission can take place at a specific

time, an assumption that does not hold in unlicensed spectra where a channel-access pro-

cedure is used. Hence, the hybrid-ARQ process number needs to be signaled in the uplink

and is therefore included in the UCI on the PUSCH. In addition to the process number,

the UCI includes other hybrid-ARQ-related information required by the gNB for recep-

tion, more specifically the new-data indicator and the redundancy version.

Retransmissions in NR release 15 are dynamically scheduled, regardless of whether

the initial transmission was dynamically scheduled or transmitted using a preconfigured

grant, by using the new-data indicator in the DCI. This is possible also when operating in

unlicensed spectra, but in addition retransmissions can take place using configured grants.

In licensed spectra, the initial transmission takes place at a predefined time instant for

configured grants and the gNB knows when the uplink transmission is supposed to

happen. Dynamically scheduling the retransmission is therefore straightforward. In unli-

censed spectra, on the other hand, the initial transmission is subject to a channel-access

procedure and the gNB cannot distinguish between a failed channel access and a success-

ful channel access but failed reception of the initial transmission. Therefore, retransmis-

sions can be autonomously initiated by the device, either by receiving a negative

acknowledgment in the downlink, or, if no response has been received from the

gNB, upon expiration of a timer. The timer is initialized whenever an initial transmission

takes place and serves the purpose of ensuring retransmissions until the gNB indicates

successful reception of the data.

The hybrid-ARQ feedback sent from the gNB in the downlink is known as the down-

link feedback information (DFI) and is transmitted using the PDDCH, that is, no new phys-

ical channel is defined. The DFI consists of a bitmap with one acknowledgment bit per

hybrid-ARQ process configured. The minimum time from PUSCH reception to trans-

mission of the downlink feedback indicator can be configured. By observing the

acknowledgment bit for a particular hybrid-ARQ process, the device can conclude

whether the gNB has successfully received the uplink data and the process can be used

for transmission of a new transport block, or if a retransmission is necessary. The new-data

indicator in the UCI is toggled whenever a new transport block is transmitted on the

related hybrid-ARQ process.

20.5.4 Uplink sounding reference signal
Uplink sounding can be useful in unlicensed spectra as well. In many cases it is preferable to

perform uplink sounding in conjunctionwith other transmissions in order to avoid an extra
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channel-access procedure. Therefore, the SRS configuration is extended in release 16 such

that any OFDM symbol in the slot can be used, not only the last 6 symbols in a slot.

20.6 Downlink control signaling

The downlink control signaling required for operation of NR in unlicensed spectra fol-

lows the same principles and structure as for licensed spectra with some additions moti-

vated by the new features. The main enhancements are in the area of CORESET

configuration, blind decoding, and DCI contents, while the PDCCH structure remains

the same.

20.6.1 CORESET
The CORESET configuration in release 15 is flexible and it is in principle possible to

configure CORESETs for PDCCH monitoring as frequent on every OFDM symbol

although not supported by release 15 devices.k Frequent monitoring allows downlink

data transmission to start in any OFDM symbol, which is useful for operation in unli-

censed spectra, and devices capable of supporting unlicensed spectra therefore allows

configurations with more frequent monitoring instants.

In case of aggregation of multiple 20MHz carriers to exploit a large, contiguous band-

width in FR1, no other enhancements are needed as the carrier aggregation framework

already handles CORESET configuration per carrier. Thus, each carrier can be sepa-

rately scheduled if needed. Similarly, for FR2-2, the baseline CORESET structure is

sufficient.

In case of multiple resource blocks sets in FR1 as described in Section 20.3.3 to handle

carrier bandwidths larger than 20MHz, additional enhancements are needed. Since the

availability of a certain resource-block set within a wide carrier is not known in advance,

there must be at least one CORESET present per resource-block set in order to be able to

send scheduling information in case that resource-block set is available. This is solved by

extending the CORESET configurationl provided by the carrier such that the config-

ured CORESET is repeated across all resource-block set in the frequency domain,

see Fig. 20.17. This way, it is ensured that the device can monitor control channels indi-

vidually for each resource-block set.

k In the specifications, the CORESET location in the time domain is given by the search-space

configuration.
l In the specifications, the CORESET extension in the frequency domain is defined as being part of the time-

domain search-space configuration and not the CORESET configuration.
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20.6.2 Blind decoding and search space groups
Transmissions can occur at any time, subject to a successful channel-access procedure.

Hence, the devices need to perform frequent PDCCHmonitoring in case the gNB trans-

mits a scheduling command. Ideally, monitoring is done every OFDM symbol for

dynamic channel access and every possible COT start for semi-static channel access.

To reduce the power consumption associated with this, especially for dynamic channel

access, two groups of search space sets can be configured for device-specific search spaces

(multiple groups are not used for common search spaces). This uses the same mechanism

as described in Section 14.5.6 (actually, the concept of multiple search-space-set groups

was originally developed for unlicensed access in release 16 and enhanced for NR in gen-

eral in release 17). If two search space set groups are configured, each search space set is

part of one or both of the groups. One of the groups is active and the device switches

between the groups, either explicitly based on dynamic group-common signaling or

implicitly based on detection of PDCCH in one of the groups. Both approaches make

use of a timer to switch back to a “default” group.

By using the two groups of search space sets, device power consumption can be

reduced. Prior to the start of a COT, frequent monitoring of the PDCCHs to deter-

mine when the COT starts and if the device is scheduled is beneficial. Monitoring as

frequent as every OFDM symbol can be configured. Once the COT has started, less

frequent monitoring can often be sufficient. For example, PDCCH can be monitored

at the beginning of a slot only. Less frequent monitoring may also be sufficient at low

traffic loads and when the latency requirements are less stringent. Search space groups

can be used to achieve this flexibility with group 0 used for frequent monitoring and

group 1 is used for less frequent monitoring.

Switching between the search space groups can be done through dynamic signaling

using DCI format 2_0 (see later) with a bit indicating the group to activate. Which search

space group to use is directly controlled by the gNB. There is also a timer mechanism

defined, which is used as a complement to dynamic signaling of the search space groups.

In this case, the device switches to group 1 (less frequent monitoring) whenever a valid

DCI is detected and (re)starts a (configurable) timer. When the timer expires, the device

returns to search space group 0 (Fig. 20.18).

20.6.3 Downlink scheduling assignments – DCI formats 1_0 to 1_3
To support the enhancements targeting unlicensed spectra, additional bits and informa-

tion fields are needed in the DCI (see Table 10.2). For downlink scheduling assignments,

DCI formats 1_0 and 1_1, and in later releases also formats 1_2 and 1_3, are extended

with the following information:

• Hybrid-ARQ related information (the enhancements are primarily applicable to DCI

format 1_1 only)

� PDSCH group index (0 or 1 bit), used to indicate the PDSCH group and control-

ling the hybrid-ARQ codebook as described in Section 20.4.1.
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� Downlink assignment index, DAI, is extended up to 6 bits to allow the tDAI to be

transmitted also for the non-active PDSCH group as described in Section 20.4.1.

� One-shot hybrid-ARQ request (0 or 1 bit), used to trigger a hybrid-ARQ report

for all hybrid-ARQ processes across all carriers and PDSCH groups as mentioned in

Section 20.4.1.

� Number of requested PDSCH groups (0 or 1 bit), used to indicate whether hybrid-

ARQ feedback should include only the current PDSCH group or also the other

PDSCH group, see Section 20.4.1

� New feedback indicator (0–2 bit), used to indicate whether the gNB has received

the hybrid-ARQ feedback (in which case the bit is toggled) or not, see

Section 20.4.1.

• Channel access and CP extension (0–4 bit), used to indicate which type of channel-

access procedure to use for uplink transmissions as described in Section 20.3.1. This

field is present in DCI formats 1_0, 1_1, and 1_2; thus the size of the fallback format

1_0 is 2 bits larger when operating in unlicensed spectra compared to licensed spectra.

Since a device knows whether it is operating in licensed or unlicensed spectrum, the

difference in size is not a problem. The reason for a PUSCH-related information field

in a PDSCH scheduling assignment is COT sharing where the scheduled PDSCH

transmission may be followed by a PUSCH transmission.

Note that not all of the above fields are present in all DCI formats as shown in Table 10.2.

20.6.4 Uplink scheduling grants – DCI formats 0_0, 0_1, 0_2, and 0_3
Similar to the downlink formats, the uplink DCI formats are also extended to support

features necessary for operating in unlicensed spectra. Most of the additions are due to

the enhancements to the hybrid-ARQ protocol as summarized where:

• DFI flag (0 or 1 bit), present in format 0_1 only and serves as a header to indicate

whether the DCI is an activation/release of a configured uplink grant or a request

for downlink feedback information. If the flag is set for DCI format 0_1 with

CS-RNTI, the remainder of the DCI content is interpreted downlink feedback infor-

mation (see Section 20.6.5), otherwise it is a scheduling grant. For other RNTIs than

the CS-RNTI, the bit is reserved.

• Hybrid-ARQ related information.

� New-data indicator is extended with additional bits; in case of multi-PUSCH

scheduling there is one NDI bit per transport block scheduled by the DCI.m

m To avoid DCI size ambiguities, the number of bits for the new-data indicator field is given by themaximum

number of transport blocks possible to schedule given the current configuration, not the actual number of

scheduled transport blocks. The redundancy version field is handled similarly.
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� Redundancy version is extended with additional bits; in case of multi-PUSCH

scheduling there is one RV value per PUSCH scheduled by the DCI.

� Downlink assignment index, DAI, used for handling UCI on PUSCH and extended

up to 6 bits to allow for the tDAI for both PDSCH groups to be transmitted.

• Channel access and CP extension (0–4 bit), used to indicate which type of channel-

access procedure to use for uplink transmissions. This field is present in all formats,

which impacts the fallback DCI size as discussed above.

• Resource allocation in time and frequency domains; these bitfields serve the same pur-

pose as in licensed spectra but are extended to support interlaced resource allocation in

the frequency domain and to support multi-PUSCH scheduling in the time domain,

see below.

Similar to the downlink case, not all of the above fields are present in all DCI formats as

shown in Table 10.3.

20.6.4.1 Signaling of frequency-domain resource allocation
Uplink resource allocation in the time and frequency domains follows the principles

described in Chapter 10 for resource allocation type 1 with the addition of allocation type

2 for interlaced mapping in FR1. If interlaced mapping is not configured, resource allo-

cation type 1 as described in Chapter 10 is used. If interlaced mapping is configured for

FR1, and consequently type 2 resource allocation is used, the frequency-domain resource

allocation bits in the DCI select one or more interlaces and the resource block sets within

those interlaces. Note that RRC signaling is used to select interlaced transmission and

hence resource allocation type 2 and there is thus no possibility for dynamic switching

between type 2 and other types. This is not a problem as the preferable allocation type often

is dictated by the regulatory requirements and thus does not change over time.

For resource allocation type 2, the overall number of bits for the frequency-domain

resource allocation field is split into two parts – a first part indicting the interlace(s) and a

second part indicating resource block sets. The resource blocks used for the actual transmis-

sion is then determined as the intersection of the resource blocks indicated by these two parts.

The first part is encoded using different approaches for 15kHz and 30kHz subcarrier

spacing. For 30kHz, a size-5 bitmap is used to indicate which of the five interlaces that are

part of the scheduled resource. For 15kHz, a bitmap is not used. Instead, the starting

interlace number and the number of sequential interlaces is jointly coded using 6 bits.

Out of the 26¼64 alternatives possible to signal with 6 bits, 56 of them are needed to

cover all possible combinations of starting interlace number and the number of consec-

utive interlaces. The remaining 8 alternatives are used to encode a set of common non-

contiguous interlace allocations.
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The second part in encoded in the same way for both 15kHz and 30kHz subcarrier

spacing. The starting resource block set (also known as starting LBT bandwidth) and the

number of contiguous resource block sets in the active bandwidth part are jointly encoded.

Finally, the set of virtual resource blocks scheduled is determined as the resource

blocks forming the intersection of the selected interlaces and the selected resource block

sets. Since only non-interleaved mapping is supported, the virtual resource blocks sched-

uled directly correspond to physical resource blocks within the active uplink bandwidth

part. Resource allocation type 2 is illustrated in Fig. 20.19.

20.6.4.2 Signaling of time-domain resource allocation
In the time domain, uplink resource allocation follows the same principles as described in

Chapter 10 – the DCI used as an index into an RRC-configured table fromwhich the set

of OFDM symbol to transmit upon is obtained – enhanced such that one scheduling

grant can schedule multiple transport blocks (see Fig. 20.20). The number of transport

blocks to transmit is obtained from the RRC-configured table, extended with an extra

column such that each row additionally contains time-domain allocation information

for each of the transport blocks. The grant also includes a new-data indicator and a redun-

dancy version for each of the transport blocks as described earlier, while the modulation-

and-coding scheme and the frequency-domain allocation is the same across the scheduled

transport blocks.

20.6.4.3 Signaling of cyclic extension and channel-access type
To use COT sharing, the gaps between the transmission bursts need to be small, smaller

than the duration of an OFDM symbol. The time-domain resource signaling, with

OFDM symbol resolution, is not sufficient to achieve this. Therefore, the possibility

to indicate an extension of the cyclic prefix such that the transmission starts earlier than

the OFDM symbol boundary is introduced in the uplink as mentioned in

Section 20.3.1.2. The channel-access type to use, see Section 20.3, also needs to be indi-

cated to the device. This is done by using the channel-access-and-CP-extension field as

an index into a RRC-configured table, from which the channel-access type and the

cyclic prefix extension are derived.

20.6.5 Downlink feedback information – DCI format 0_1
The downlink feedback information (DFI) is used for handling the hybrid-ARQ proto-

col in conjunction with configured grant transmission in the uplink. It is transmitted

using the regular PDCCH structure and the CS-RNTI, that is, no new physical channel

is defined. Rather, DCI format 0_1 is reused with theDFI flag indicating whether the rest

of the DCI is to be interpreted as an uplink scheduling grant or downlink feedback

information.
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Type 2 resource allcoation field

Interlace RB set

Interlace 0

Interlace 4

Interlace 1
Interlace 2
Interlace 3
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Resulting resource allcoation

Scheduled resource blocks

Fig. 20.19 Illustration of the principle behind resource allocation type 2.
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If the DFI flag is set, the rest of the DCI (except two bits for PUCCH power control)

is interpreted as a bitmap to indicate positive or negative acknowledgment for each of the

hybrid-ARQ processes. Reserved bits are included to ensure that the overall size is

the same regardless of whether DCI format 0_1 carries an uplink grant or downlink feed-

back information, hence the number of blind decoding attempts is not increased.

20.6.6 Slot format indication – DCI format 2_0
The slot format indication can serve a wider purpose when operating in unlicensed spec-

tra compared to the licensed counterpart. Apart from the slot format indication as

described in Section 10.1.6, it has been extended to also include information about.

• COT duration; an index into an RRC-configured table where each entry represents

the remaining COT duration expressed in OFDM symbols. In case of carrier aggre-

gation there is one index per cell.

• RB set availability; a bitmap to indicate the availability of each resource block set (or

LBT bandwidth) within a carrier as discussed in Section 20.3.3. In case of carrier

aggregation the indication is per carrier.

• Search space group switching; a bit to indicate which search space group to activate as

described in Section 20.6.2. In case of carrier aggregation there is one bit per

cell group.

All these fields are optional, that is, it is possible to operate in unlicensed spectra without

these fields (and without DCI format 2_0).

Jointly encoded
in RIV

slot

4 OFDM 
symbols

RRC configured

Additional column(s) 
compared to NR release 15

Index offset RIV RIV RIV …

Start Length

0 0 2 12

1 0 2 10

2 1 3 4

… … … … …

Fig. 20.20 Illustration of the principle behind time-domain resource allocation.
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20.7 Uplink control signaling

Uplink control signaling in unsliced bands basically follow the same structure as in release

15 and can be carried on PUCCH or on PUSCH.

20.7.1 Uplink control signaling on PUCCH
PUCCH transmissions are subject to a successful channel-access procedure, unlike the

licensed case. If the PUCCH is transmitted immediately after receiving a downlink trans-

mission, COT sharing can be used while a successful type 1 channel-access procedure is

required if there is no COT to share. A consequence of this is that the gNB cannot know

when the PUCCH is transmitted and have to handle this uncertainty, for example by

using energy detection to detect the presence of the PUCCH prior to decoding.

Apart from the channel-access procedure, the main enhancement to PUCCH for

operation in unlicensed spectra is the changes to support interlaced transmission, an

enhancement that it introduced for similar reasons as for uplink data transmission on

PUSCH. The use of interlaced transmission is configured through RRC signaling. If

interlaced transmission is not used the PUCCH formats are the same as in release 15.

If interlaced transmission is configured, all resource blocks in one resource-block set

in the interlace that are within the active bandwidth part are used for transmission. Fre-

quency hopping is not supported in this case, which is reasonable as sufficient diversity is

obtained through the interlacing mechanism itself. For carriers of 20MHz or less, there

is only a single resource-block set and hence the full interlace is used.

PUCCH format 0 with interlaced mapping supports transmissions over one interlace.

This is achieved by repeating the single resource block resulting from the release 15 struc-

ture across all resource blocks in the interlace (and within the resource-block set).

Repeating the same signal across all resource blocks would however result in an increase

cubic metric, requiring a larger back-off in the power amplifier. To mitigate this, the

phase rotation (corresponding to a cyclic shift in the time domain) is cycled through

the 12 different possibilities across the 12 different values across the resource blocks in

the interlace as illustrated in Fig. 20.21.

PUCCH format 1 is extended in a similar manner as format 0 to support interlaced

mapping over one interlace. For each OFDM symbol, the content of the single resource

block resulting from the release 15 structure is repeated across all resource blocks in the

interlace. For the same reason as for PUCCH format 0, the phase rotation changes across

resource blocks for PUCCH format 1 with interlacedmapping (Fig. 20.22, compare with

the non-interlaced case in Fig. 10.17).

PUCCH format 2 is extended to also support interlaced mapping using one or two

interlaces with higher-layer signaling configuring the interlace(s) a device should use. For

smaller payloads, a single interlace is used, while for larger payloads, two interlaces

are needed.
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The overall structure for interlaced PUCCH format 2 is similar to the non-interlaced

case– coding, scramblingandQPSKmodulation.However,beforemapping to the resource

blocks, the interlacedversionusing a single interlaceadds thepossibility to spreadeachQPSK

symbol with an orthogonal code of length 2 or 4 as illustrated in Fig. 20.23. Since interlaced

mapping implies a larger number or resource blocks being used for transmission thanwhat is

motivated by the payload size only, spreading useful as it allows multiple devices to transmit

slot

Resource blocks part
of the same interlace

Length-4 orth. seq.

One or two bits

Symbol-by-symbol pseudo-random variation cyclic shiftPhase
rotation

Configurable ID
Slot-by-slot pseudo-random variation

base sequenceBase
sequence

BPSK/
QPSK

Interlace-by-interlace pseudo-random variation

Reference signal

Fig. 20.22 Example of PUCCH format 1 with interlaced mapping.

base sequence

Resource blocks part 
of the same interlace

One slot

Configurable ID
Slot-by-slot pseudo-random variation

Base
sequence

Same signal but resource-block 
dependent phase rotation 

1 or 2 bit ACK/NAK

Scheduling request

Symbol-by-symbol pseudo-random variation

bits

Resource-block number within the interlace

e
on

Phas
rotati

Fig. 20.21 Example of PUCCH format 0 with interlaced mapping.
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using the same resource blocks and separating the devices in the code domain. By using the

orthogonal code, the resourceefficiency for thePUCCHformat2canbekept at a reasonable

leveldespite the fact that theoverall bandwidth is largerwhenusing interlacedmappingcom-

pared to the non-interlaced case. Although the channel-access mechanism typically ensures

that only one device at a time is transmitting, COT sharing and scheduling can be such that

two devices transmit simultaneously in the uplink inwhich case the additionalmultiplexing

capacity can be useful. To control the cubicmetric of the transmitted signal, the orthogonal

code to use varies between resource blocks in the interlace.

In case of a non-interlaced PUCCH format 2 or interlaced PUCCH format 2 with

two interlaces, no spreading is used.

PUCCH format 3 is also extended to support interlaced mapping using one or two

interlaces with the number of interlaces depending on the payload size. To increase the

multiplexing capacity, spreading using an orthogonal code of length 2 or 4 is added for

the single-interlace case, using a similar structure as for PUCCH format 4.

Deriving the resources to use for PUCCH for any of the formats discussed here fol-

lows the same principle as described in Section 10.2.7. In other words, the UCI payload

determines the PUCCH resource set and the PUCCH resource indicator in the DCI

determines the PUCCH resource configuration within the PUCCH resource set.

Scrambling sequence

Reference signal

multiple bits

One slot

CRC

Channel
coding

QPSK

Orthogonal code, length 2 or 4

Resource blocks part 
of the same interlace

Fig. 20.23 Example of PUCCH format 2 with interlaced mapping (one interlace).
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20.7.2 Uplink control signaling on PUSCH
Uplink control information can also be carried on the PUSCH in the same way as

described in Section 10.2.8. There is one enhancement compared to operation in licensed

spectra though, namely the transmission of UCI on PUSCH for configured grants. As dis-

cussed in Section 20.5.3, there is a need to transmit hybrid-ARQ related information for

configured grants as a consequence of allowing retransmissions, and not only initial trans-

missions, to use configured grants. If configured grants are enabled, this UCI information is

always present on PUSCH. Multiplexing the UCI on the PUSCH follows the same prin-

ciple as in release 15, see Section 10.2.8, with the configured-grant related UCI being trea-

ted as the highest-priority information and consequently mapped in the first OFDM

symbol after the demodulation reference signal.

20.8 Initial access

Initial access refers to the procedures where the device finds a cell, obtains the necessary

system information, and performs a random access to connect to the cell. If license-

assisted access is used to access the unlicensed spectra, almost all of these functions are

handled by the primary cell on a licensed carrier. On the other hand, if NR is accessing

the unlicensed spectra in a stand-alone manner, all these functions need to operate in the

unlicensed spectra. Due to the specific requirements, for example channel-access proce-

dures, enhancements are needed compared to the licensed case. In addition to the

enhancements discussed in the following, the number of paging occasions has been

increased to compensate for the risk that some occasions may not be useful due to the

channel-access procedures. Radio-link failure procedures have also been updated to dis-

tinguish repeated channel-access failures from a radio link failure.

20.8.1 Dynamic frequency selection
The purpose of DFS is to determine the carrier frequencies for the carriers in order to find

an available or at least lightly loaded carrier frequency. Since around 25 frequency chan-

nels, each 20MHz wide, are part of the 5GHz band (and an even larger number in the

6GHz band), and the output power is fairly low, there is a reasonably high likelihood to

find unused or lightly loaded channels. In the 60GHz band, the range is limited and

hence finding an available channel is not too difficult.

Dynamic frequency selection is performed at power-up of an NR cell in unlicensed

spectra. In addition, the base station can periodically measure the interference or power

level when not transmitting in order to detect whether the carrier frequency is used for

other purposes and if a more suitable carrier frequency is available. If this is the case,

the base station can reconfigure the carrier to a different frequency range (essentially an

inter-frequency handover).
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DFS is, as already mentioned, a regulatory requirement for some frequency bands in

many regions. One example motivating DFS being mandated is radar systems, which

often have priority over other usage of the spectra. If the NR base station detects radar

usage, it must stop using this carrier frequency within a certain time (typically 10 s). The

carrier frequency is not to be used again until at least 30min has passed.

The details of dynamic frequency selection are up to the implementation of the base

station and there is no need to mandate any particular solution in the specifications.

20.8.2 Cell search, discovery bursts, and stand-alone operation
Cell-search is the procedure to detect and find time synchronization to a new cell. In

licensed spectra, periodically transmitted synchronization sequences, part of the SSB as

described in Chapter 16, are used. Once the SSB is detected and the master information

block (MIB) is properly received, the remaining system information, SIB1 and other

SIBs, are scheduled and transmitted on the PDSCH.

In unlicensed spectra, a similar approach is used, but since channel-access procedures

need to be supported, the transmission timing of the SSB cannot be guaranteed. Instead, a

time window is defined within which the device could expect the SSB. Furthermore, it is

beneficial if SIB1 is transmitted close in time with the SSB to enable a single channel

access to serve both of them. The combination of SSB, the PDSCH carrying SIB1,

and the associated PDCCH scheduling the PDSCH, is referred to as a discovery burst

(DB). The DB has a short duration and is rather infrequent, hence channel-access type

2A can be used in FR1 and type 2 in FR2-2.

For the DB, the release 15 configurations for CORESET#0 and SSB are reused with

some restrictions for the CORESETwhich can span at most 2 OFDM symbols in the time

domain. In the frequency domain, CORESET#0 always occupies 48 resource blocks with

30kHz subcarrier spacing, which is the subcarrier spacing assumed by the device for initial

access in unlicensed 5 and 6GHz bands. For secondary cells, the device can in addition be

configured to search for SSBs using 15kHz subcarrier spacing in which case 96 resource

blocks are used for the SSB.When operating in FR2-2, the SSB uses 480kHz or 960kHz.

The SSB, PDSCH, and the associated PDCCH are located such that they are trans-

mitted as one single, time-contiguous block. Consequently, not all combinations of

SSB and CORESET#0 configurations provided by release 15 are relevant; configura-

tions resulting in gaps in time between transmission of the different DB components

would require multiple independent channel-access operations, which could result

in the device receiving only part of the DB. Receiving only parts of the discovery burst

is in itself not a problem (the device would simply continue to search for a completeDB)

but it is an inefficient way to operate the system.

The configurable transmission window is known as the discovery burst window and can

be up to 5ms in length. The DB window starts at the first OFDM symbol in either of the
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first or second half-frame and a DB could in principle be transmitted anywhere within

this window. Up to 10 different candidate SSB positions can be monitored in a DB win-

dow for 15kHz subcarrier spacing; for 30kHz subcarrier spacing the upper limit is 20 and

for 480/960kHz in FR2-2 the upper limit is 32. The carrier raster is defined such that the

SSB is located at the edge of the DB, see Fig. 20.24. Rate matching of the PDSCH

around the SSB is not used, hence the SSB and SIB1 are frequency multiplexed.

Since the exact transmission time of a DB is unknown to the device, the transmission

timing within the DB window needs to be included in the DB. This is done in a similar

way as for operation in the licensed FR2 regime as described in Chapter 16. Three of the

timing bits are implicitly encoded in the PBCH scrambling sequence and the remaining

1, 2 or 3 bits in the PBCH payload. This results in 4, 5, and 6 bits for 15kHz subcarrier

spacing, 30kHz subcarrier spacing, and operation in FR2-2, respectively, which is suf-

ficient to handle the 10, 20, or 32 candidate SSB positions. Once the SSB has been

detected and decoded, the device can use these bits to determine the timing of the

SSB within the frame.

In licensed spectra, the SSB time position and the QCL relation are equivalent – SSBs
transmitted in different SS burst sets but at the same time instant within a set are

quasi-colocated, that is, are transmitted using the same beam.When the SSBs are allowed

to shift in time as the exact transmission timing within the DB window cannot be guar-

anteed, a new mechanism is needed for the QCL relations. Therefore, the QCL assump-

tion is linked to the SSB candidate index.n DBs with the same index modulo the

D
M

-R
S

S
IB

1

D
M

-R
S

S
IB

1

S
IB

1

D
M

-R
S

S
S

BC
O

R
E

S
E

T
#0

20 ms SSB burst set periodicity

5 ms discovery burst window

Frame boundary

DB candidate positions

C
ha

nn
el

-a
cc

es
s

pr
oc

ed
ur

e

one slot

48
 r

es
ou

rc
e 

bl
oc

ks

Fig. 20.24 Illustration of the discovery burst window and the discovery burst structure (30kHz
subcarrier spacing).

n In the specifications, linking to the DM-RS sequence index is also mentioned as an alternative, but since

the PBCH DM-RS sequence index is given by the SSB index the two methods are equivalent.
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parameterQ are assumed to have the same QCL relation, see Fig. 20.25. The parameter

Q is signaled to the device in the system information for the serving cell.o

Measurements for radio-resource management (RRM) are, as in the licensed case,

based on the SSB and/or CSI-RS. To support neighbor cell RRM measurements in

idle/inactive/connected states, Q is also signaled by broadcast and dedicated signaling

at least per frequency.

20.8.3 Random access
Once the device has found a cell using the earlier cell search procedure, random access is

used to initiate establishing a connection. The same mechanism as in licensed spectra

is used and both the four-step procedure and the two-step procedure introduced in

release 16 are supported, subject to a successful type-1 channel-access procedure prior

to the transmission (if required by regulations). In many cases the two-step procedure

is preferable in unlicensed spectra as it reduces the number of channel-access procedures

needed and therefore has a smaller delay.

Two new, and longer, preamble sequences have been added for operation in unli-

censed spectra: length 1151 for 15kHz subcarrier spacing and length 571 for 30kHz sub-

carrier spacing. The reason for this is to obtain a preamble covering a full 20MHz channel

in FR1 and thereby increase the transmitted energy while still meeting the power-

spectral limitations set by regulations. It also reduces the likelihood of another device

observing the channel to be available despite an ongoing random-access transmission,

something which could happen with a more narrowband preamble. Which sequence

length to use for the preamble, length 139 (or 839) as defined in release 15 or one of

the new lengths is indicated as part of the system information. The new preamble lengths

also use a different table for deriving the cyclic shifts with increased focus on system

capacity in small cells (unlicensed spectra are unlikely to be used in wide-area deploy-

ments as the allowed transmission power is limited).

In both the two-step and four-step random access procedures, power ramping is used

as described in Chapter 17 if the device does not obtain a response from the network.

However, if a preamble transmission is dropped due to channel-access failure, preamble

power ramping is not performed.

SSB
index=0

SSB
index=1

SSB
index=2

SSB
index=3

SSB
index=4

SSB
index=5

SSB
index=0

SSB
index=1

SSB
index=2

same QCL relations, 0 mod Q = 4 mod Q

1 mod Q = 5 mod Q

Fig. 20.25 Example of QCL relations for DRSs (Q¼4 assumed in this example).

o For FR1, the LSB of the CRB grid offset and the SIB1 numerology bit in theMIB are reused to signalQ�
{1,2,4,8} while for FR2-2, the SIB1 numerology bit is used to signal Q�{32,64}.
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CHAPTER 21

Industrial IoT and URLLC enhancements

Internet-of-things and machine-type communication are very wide terms and different

applications may pose vastly different requirements, see Fig. 21.1 for a rough positioning

of different technologies. For some scenarios, for example remote sensor reading, low

cost and low power consumption are the most important aspects while data rates and

latency are less of a concern. NB-IoT and eMTC are suitable technologies to handle

these cases [26]. Although bothNB-IoT and eMTC existed beforeNRwas standardized,

the spectrum-sharing mechanisms in NR enable a tight integration of these technologies

into an NR carrier.

Other scenarios may stress reasonably high data rates with relaxed latency require-

ments at a modest cost. Video surveillance cameras is an example of this category and

technology-wise, RedCap, which in essence are complexity-reduced NR devices and

discussed in more detail in the next chapter, is an appropriate choice for such applications.

In yet other scenarios, high reliability and low latency are the most important require-

ments. Industrial Internet of Things is one example of such a scenario, referring to use cases

such as factory automation, electrical power distribution, and transport industry. NR

enhancements in this area is the focus of this chapter.

Already from the start, NRwas designed to handle high reliability simultaneously with

low latency. Several mechanisms and principles in NR contribute to this, for example

• transmissions are not restricted to start at slot boundaries, sometimes referred to as

“mini-slot transmission” as discussed in Chapter 7;

• a front-loaded design, see Chapter 9, and requirements on fast processing time;

• downlink inter-device preemption, where an ongoing transmission to one device can

be overridden by a latency-critical transmission to another device, see Chapter 14;

• robust MCS and CQI tables can be configured, increasing the robustness of transmis-

sion at the cost of a slight reduction in spectral efficiency as mentioned in

Chapter 10; and

• data duplication and multi-site connectivity to increase reliability as outlined in

Chapter 6.

Inmany cases, this set of mechanisms is sufficient. Nevertheless, several enhancements are

introduced in release 16 and later releases to even further improve the support for indus-

trial IoT. Many of the enhancements might seem small at first, but when used together

they significantly enhance NR in the area of URLLC and industrial IoT. The main

enhancements introduced in release 16 are:
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• extending preemption to handle also uplink transmissions from different devices as

described in Section 21.1;

• improved prioritization of uplink transmissions from the same device as discussed in

Section 21.2;

• enhancements in the area of configured grants to allow multiple configurations and

controlling the grants a certain traffic flow is allowed to exploit as discussed in

Section 21.3;

• PUSCH enhancements, see Section 21.4, to lower the latency by providing better

control of the time-domain resource allocation;

• PDCCH enhancements, see Section 21.5, to support some of the other

enhancements;

• multi-connectivity and PDCP duplication enhancements to improve robustness as

described in Section 21.7;

• time-sensitive networking, where tight time-synchronization across devices and small

latency variations are as important. The tools to address this are described in

Section 21.9.

Many of these areas are further refined in release 17, but two new major features are also

added:

• better support for URLLC in unlicensed spectra when operating in a controlled envi-

ronment (Section 21.8);

• enhancements to feedback of hybrid-ARQ acknowledgements and CSI reporting

(Section 21.6).

These enhancements are described in more detail in the following sections.

Fig. 21.1 Relative positioning of different IoT technologies.
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21.1 Uplink preemption

Different services handled by a cellular system may have different priorities. Some ser-

vices require very low latency, while other services are more relaxed in this respect. It

is up to the scheduler to handle these differences as discussed in Chapter 14. In many

cases, the available bandwidth is sufficient and latency-critical data for one device arriving

while data transmission for another device is ongoing can be scheduled on resource

blocks not used for the already ongoing transmission and thereby avoid collisions. How-

ever, at higher system load this may not be possible and the scheduler need to schedule the

latency-critical data on resource blocks already used by an ongoing low-priority

transmission.

In the downlink this is straightforward. The latency-critical downlink transmission

can be scheduled on whatever resource blocks needed, regardless of their use for trans-

missions to other devices. The reception of the preempted transmissions is naturally

impacted but given their less latency-critical nature this can be handled by the regular

retransmission mechanisms, for example hybrid ARQ. There is also the possibility for

a downlink preemption indicator as described in Chapter 14 to assist recovery of the

preempted, low-priority traffic.

In the uplink, the situation is more complicated. If the high-priority and low-priority

traffic originates from the same device, it is a multiplexing issue as discussed in

Section 21.2. If, on the other hand, the high- and low-priority traffic originates from

different devices, it is a matter of uplink preemption. Scheduling a high-priority uplink

transmission on top of an already ongoing low-priority transmission from another device

is possible, but due to the interference between the two transmissions it is likely that nei-

ther of them are correctly received. Therefore, release 16 adds support for uplink pre-

emption between devices, that is, mechanisms for controlling this interference

situation. Two mechanism are defined:

• cancellation, where the low-priority transmission is canceled (suppressed), and

• power boosting, where the high-priority transmission uses a higher power level than

what would be used in absence of preemption.

21.1.1 Uplink cancellation
The main addition required to support the cancellation approach is reception of the can-

cellation indicator, which is transmitted using DCI format 2_4 scrambled with the

CI-RNTI. The cancellation indicator uses a similar format as the downlink preemption

indicator described in Section 14.1.1 and is thus a bitmap indicating a (set of) OFDM

symbols and resource blocks upon which transmissions should be canceled. Upon recep-

tion of a cancellation indicator, a device should stop transmission of any PUSCH or SRS

(but not PUCCH) that (partially) overlaps with any of the canceled resources.
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The cancellation must come a certain minimum time before the start of a PUSCH (or

SRS) transmission in order for that transmission to be canceled. This is needed in order to

allow the device to properly process and account for the cancellation indicator. It also

means that an already ongoing PUSCH transmission cannot be stopped, with one excep-

tion – a PUSCH transmission using repetitions can be stopped between the repetitions.

As an example, a PUSCH transmission configured with a repetition factor of two and

receiving the cancellation indicator during the first transmission will cancel the second

transmission (see Fig. 21.2, assuming the device is capable of simultaneous reception

and transmission and there is sufficient time for canceling the repeated PUSCH).

Preemption using cancellation has the advantage of completely avoiding the interfer-

ence from the canceled resources. This is useful for, for example, latency-critical trans-

mission from cell-edge devices which may not have enough transmission power available

to rely solely on the power-boosting approach. A drawback is the need for frequent mon-

itoring of the cancellation indicator, typically several times per slot, by devices running

the risk of being preempted. If this would not be the case, a device being preempted (like

device #2 in Fig. 21.2) would not be able to cancel its uplink transmission and hence

cause interference to the high-priority traffic. Devices not having this capability, for

example release 15 devices, should therefore not be scheduled on time-frequency

resources where high-priority traffic might be encountered. This can be seen as an incen-

tive for a device to include support for frequent monitoring of DCI format 2_4; if it has

this capability the network has greater scheduling flexibility in terms of resource assign-

ment and the device may experience higher data rates.

21.1.2 Uplink power boosting for dynamic scheduling
The other approach to preemption, uplink power boosting, is relatively straight forward

(Fig. 21.3). The device is configured with up to three values of the open-loop power-

control parameter P0 for PUSCH (see Section 15.1 for a discussion of uplink power con-

trol). One of the P0 values correspond to the normal transmission power as would be the

situation for a release 15 device while the other P0 value(s) are configured such that the

transmission power is increased compared to the normal case. Which of the configured

P0 values to use is indicated in the scheduling DCI. This way, the network can choose to

Downlink

Uplink, device #1

Uplink, device #2

Uplink scheduling grant #1 Uplink cancellation

PUSCH with a repetition factor of 2

CancelledToo late to cancel

Uplink scheduling grant #2

Fig. 21.2 Uplink cancellation in case of PUSCH repetition.
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dynamically boost the power of a high-priority device such that the interference from

other devices with overlapping time-frequency allocation is less of a problem and the

high-priority transmission is properly received. Reception of the data from the pre-

empted device is likely not to succeed (unless some form of interference-canceling

receiver is used in the gNB) but given the less critical nature of this traffic a hybrid-

ARQ retransmission can easily be used to overcome this.

The power-boosting approach does not require reception of a cancellation indicator.

Devices not supporting high-priority traffic do not need to implement any extra func-

tionally, which is a benefit when introducing this feature in existing networks. Only

devices supporting high-priority traffic need to implement the power-boosting function-

ality. On the other hand, dynamic power boosting cannot be applied to configured

grants. It also assumes that the device has power available to afford the boosting, some-

thing which may not be the case in coverage-limited scenarios where the device already

has reached its maximum power. Furthermore, interference from other devices is still

present and result in an interference floor limiting the lowest achievable error probability.

21.2 Uplink collision resolution

Handling of uplink resource conflicts within a device is another critical aspect to ensure

low latency. Multiple uplink channels and traffic flows can compete for the same

resources within the device for several reasons, for example between dynamic grant

and configured grant transmissions, conflicts involving multiple uplink configured grants,

uplink control-vs-data collisions, and uplink control-vs-control collisions. Such conflict

handling will primarily improve the resource efficiency when mixing different traffic

flows in the same system, thereby enabling smooth introduction of URLLC into cellular

networks. There are rules how to prioritize conflicts already in release 15, for example

ignoring a configured grant if a dynamic grant is occurring at the same time, or “rerout-

ing” uplink control information to PUSCH instead of using the PUCCH. However, the

set of rules are extended in release 16, motivated by the simultaneous existence of control

and data associated with higher priority and those associated with lower priority.

Fig. 21.3 Uplink preemption using power boosting.
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The intra-device uplink transmission conflict is resolved in two steps: first, the col-

lision among uplink transmissions of the same priority is resolved using the rules defined

in release 15 and described in Chapter 14, followed by resolving collisions between

uplink transmissions with different priority by dropping lower priority transmissions.

Accordingly, each type of uplink transmissions such as scheduling requests, hybrid-

ARQ acknowledgements, and CSI feedback, and data are assigned a priority for collision

resolution. By default, the priority is set to ‘normal’, which essentially implies the second

step is transparent. However, there is the possibility to raise the priority of an uplink trans-

mission to “high”. If a high-priority uplink transmission would collide with an uplink

transmission of normal priority, the normal priority uplink transmission is dropped

(assuming there is sufficient time for cancellation or dropping). This way, it is possible

to ensure that high priority uplink transmissions are prioritized in favor of low priority

transmissions as exemplified in Fig. 21.4. For example, it ensures the hybrid-ARQ in

response to a high-priority downlink transmission is not blocked by an uplink transmis-

sion with a lower priority as shown in the left part of the figure. Similarly, it also ensures

that an ongoing normal priority PUSCH transmissions do not block high-priority sched-

uling requests as illustrated in the right part of the figure. Without this mechanism, the

scheduling request would be delayed until the potentially long normal-priority PUSCH

transmission is over, a PUSCH transmission that potentially can be very long given that a

repetition factor of up to 16 can be configured in release 16. In either case, the support for

low-latency traffic would be hampered.

The priority of dynamically scheduled uplink data or the uplink control information

resulting from a downlink data transmission can be indicated by a priority indicator field

in the scheduling grant/assignment, while the priority of uplink configured grant data is

provided via the RRC configuration. The priority of a scheduling request is provided as

part of the scheduling request configuration. Typically, high priority scheduling requests

maps to high priority logical channels; see Chapter 14 for a discussion on logical channel

multiplexing. Explicit configuration of the scheduling request priority avoids defining

mapping from the two-level scheduling request priorities to the 16-level logical channel

priorities.

Downlink

Uplink

Downlink data scheduled
with ’normal’ priority

Downlink data scheduled 
with high’ priority

Collision – ACK from ’normal’
priority data dropped

No collision – UCI 
transmitted

No collision – ’normal’ 
priority data transmitted

High-priority uplink data 
arrives in the device buffer

SR transmitted

data

Collision – high-priority SR 
prioritized, PUSCH dropped

Collision – high-priority data,
normal priority data stopped

Uplink data scheduled with 
high’ priority

Fig. 21.4 Examples of uplink prioritization within a device.
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21.3 Configured grants and semi-persistent scheduling

Uplink-configured grant transmission is a key mechanism to enable low-latency data

transmission by pre-allocating resources to avoid the scheduling request/scheduling grant

phase prior to uplink data transmission. In the downlink, semi-persistent scheduling is a

useful tool to reduce control signaling, as is the use of configured grants in the uplink.

Both of these mechanisms are available already in release 15 as discussed in

Section 14.4. They are also useful tools from a robustness perspective as the need for

a robust PDCCH for each data transaction is avoided.

To improve the support for high-reliability low-latency traffic in release 16, a number

of improvements are made in the area of configured grants and semi-persistent

scheduling.

For downlink semi-persistent scheduling, the periodicity can be as low as one slot,

compared to the smallest value of 10ms in release 15. For uplink configured grants,

the periodicity can already in release 15 be as low as every second symbol, providing very

short periodicities.

Multiple configurations can be active simultaneously, both for uplink configured

grants and downlink semi-persistent scheduling. This can be used to support multiple

services, where each service may have a different performance requirement in terms

of latency and reliability. Multiple configurations differing only in the possible starting

points can also be used to reduce latency. When a packet arrives, transmission can use

the configuration that is closest in time.

To control which traffic flow that uses a certain grant, the logical channels which are

allowed to use a certain configured grant can be restricted as part of the configuration. For

example, as illustrated in Fig. 21.5, two configurations can be active. One with frequent

transmission opportunities to meet the latency requirements for traffic flow #1 and one

less frequent but larger resource allocation to allow larger amounts of less latency-critical

data to be transmitted coming from flow #2. To avoid the low-priority data to use the

frequent grant, it is possible to restrict a logical channel to use only some of the configured

grant opportunities. Letting the high-priority logical channels to use the less frequent

grant is typically fine and can be accounted for when configuring the logical channel

restrictions. If grant opportunities from different configurations occur at the same time,

2#.fnoc,stnargderugifnoC1#.fnoc,stnargderugifnoC

Data from flow #1 arriving,
handled by grant #1 (or #2)

Data from flow #2 arriving,
handled by grant #2

Fig. 21.5 Example of multiple uplink configured grants and different logical channel priorities.
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for example for both normal and high priority traffic, the prioritization rules discussed in

Section 21.2 resolve the conflicts, if any.

In addition to configuring which logical channel that is allowed to use a given con-

figured grant, it is also possible to configure whether a dynamic grant is allowed to over-

ride a configured grant or not.

In release 15, if a device receives dynamic grant indicating transmission at the same

time as a configured grant, the device always follows the dynamic grant. This is reasonable

as dynamic grants can be used, for example, to grant the device a larger amount of

resources than the configured grant when there is a large amount of data awaiting trans-

mission. In many cases, MBB-like traffic is sporadic with large variations over time in the

amount of needed resources where dynamic scheduling is required for efficient resource

utilization. Critical traffic, on the other hand, is often dominated by periodic and deter-

ministic traffic. Thus, in a mixed-traffic scenario, it can be less desirable to always prior-

itize the dynamic grant. As an example, assume that a dynamic grant instructs the device

to transmit at the same time as a configured grant intended for critical traffic. If the uplink

transmission from the dynamic grant is not properly received by the gNB, the delay until

the data are retransmitted might be significant as the gNB is not aware of the presence of

high-priority data.

The priority level – normal or high – can be used to address this problem. Given the

periodic nature of the critical traffic, configured grants are well suited. By setting the pri-

ority of the configured grants to ‘high’ and using the normal priority for the dynamically

scheduled, less critical traffic, the prioritization rules discussed earlier result in the desired

behavior – if the transmission instance for a dynamic grant and a configured grant coin-

cide and there is both normal-priority data and critical data to transmit, the high-priority

configured grant will “win” and determine the uplink transmission. If there are no critical

data to transmit, the device follows the dynamic grant. In case of the same priority for

both the configured and dynamic grant, the dynamic grant will be followed, that is,

the same behavior as in release 15.

Note that the gNB may need to blindly detect which uplink transmission that

occurred – one triggered by the configured grant or one triggered by the dynamic grant.

Alternatively, scheduling could be done such that the conflict never occurs. There are

also other possibilities for the implementation to handle this potential ambiguity.

21.4 PUSCH resource allocation enhancements

The possibility to, already in release 15, transmit uplink data using only a part of a slot,

sometimes referred to as “mini-slot transmission”, is a useful feature to reduce the overall

latency. However, in release 15 such a transmission cannot cross a slot boundary, mean-

ing that transmissions sometimes need to be postponed until the next slot or use a shorter

duration than what is motivated by the payload and required modulation-and-coding
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scheme, see the left part of Fig. 21.6. This restriction is in principle lifted in release 16

where repetitions can be dynamically indicated in the DCI. Assume, as an example, a

four-symbol long transmission spanning the slot boundary is needed. The scheduling

grant can, in this example, indicate a two-symbol transmission using the last two OFDM

symbols of the first slot, together with one repetition as shown in the right part of

Fig. 21.6. The transport block would in this case be coded, modulated, and transmitted

in the last twoOFDM symbol of the first slot and then repeated, typically using a different

redundancy version, in the first two symbols of the next slot. In essence this would be a

four-symbol transmission spanning a slot boundary. Without repetition, the transition

would either have to use only the last two symbols of the first slot, resulting in a less robust

transmission, or be postponed and use the first four symbols of the next slot, resulting in a

larger delay.

To avoid having the repetitions colliding with other transmissions, it is possible to

configure an invalid symbol pattern. This is a bitmap spanning one or two slots and indi-

cating the OFDM symbols not allowed to be used for repetitions. Furthermore, it is pos-

sible to dynamically control as part of the DCI whether this bitmap should be used to

indicate invalid OFDM symbols or not. Release 17 further enhances the handling by

extending hybrid-ARQ feedback for these repeated resources to also support semi-static

code books (release 16 supports dynamic codebooks only).

21.5 Downlink control channels

NR is fundamentally a scheduled system where each device monitors a set of downlink

control channels to determine whether it is scheduled to transmit or receive. To

reduce latency, more frequent control-channel monitoring, up to every second

Data arrival

Additional delay

Data arrival

Without repetitions With repetitions

Coding and
modulation

Coding and
modulation

RV a RV b

Transport 
block

Transport 
block

slot

Fig. 21.6 Example of latency gain with “mini-slot” repetitions.
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OFDM symbol in the extreme case (compared to release 15 devices which typically

monitors once per slot) can be configured. Furthermore, to support the new features

introduced for enhanced URLLC and IIoT support, some additional fields in the DCI

are needed.

For downlink scheduling, a one-bit priority indicator can optionally be configured

for DCI format 1_1 to indicate the priority, “normal” or “high”, of dynamically sched-

uled downlink traffic. This is used to control handling of uplink feedback information,

either the acknowledgement resulting from a downlink PDSCH transmission or a CSI

report triggered by DCI format 1_1. In case of collision between the uplink feedback

information and other uplink transmissions it is necessary to know the priority of the dif-

ferent pieces of information. The priority information is included in the DCI and used as

described in Section 21.2 to resolve the collision.

For uplink scheduling, DCI format 0_1 is enhanced with several new fields or exten-

sions to existing fields:

• Open-loop power control to allow uplink power-boosting by selecting different pre-

configured values of the open-loop power control parameter P0 as described in

Section 21.1.2;

• Priority indicator used to control the priority level of PUSCH as described in

Section 21.2;

• The time-domain allocation field pointing into an extended time-domain allocation

table where the number of repetitions, see Section 21.4, is obtained from a new col-

umn in the table. Thus, each table entry Fig. 10.11 indicates not only the start and

length of the resource used but also the number of times the allocation should be

repeated. This allows dynamic indication of the number of repetitions, unlike release

15 where it is semi-statically configured. Fully exploiting this additional flexibility may

imply a larger allocation table and therefore the time-domain allocation field is

increased in size to allow for up to 64 rows instead of 16

• Invalid symbol pattern indicator, controlling if the RRC-configured invalid symbol

pattern should be applied or not when determining the symbols allocated for the

PUSCH, see Section 21.4.

Two newDCI formats are also introduced in release 16, format 0_2 for uplink scheduling

and format 1_2 for downlink scheduling, see Tables 10.2 and 10.3 in Chapter 10. They

provide almost the same functionality as the formats 0_1 and 1_1, respectively, but allows

for a greater configurability of the size of the different fields, including the possibility to

configure a size of zero for several of them. Thus, these formats can allow for a smaller

DCI size and hence more robust reception in cases where not all DCI information fields

are needed or if a small number of bits is sufficient. For example, in DCI formats 0_1 and

1_1, the hybrid-ARQ process number always uses (at least) four bits and the redundancy

version two bits while formats 0_2 and 1_2 allows for a smaller number of bits
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in situations where the full range of hybrid-ARQ processes and redundancy versions are

not needed. As another example, the carrier indicator can be configured with zero bits in

the new formats even in cases where carrier aggregation requires three bits for formats

0_1 and 1_1. A similar situation holds for several of the other fields as well. In release

17, DCI formats 0_2 and 1_2 are extended with information fields already present in

0_1 and 1_1 to support unlicensed spectra, as well as extensions of the HARQ-related

signaling.

21.6 Feedback enhancements

Release 17 enhances feedback reporting from the devices to the gNBmainly in two areas:

reducing the delay and increasing the reliability of hybrid-ARQ acknowledgements and

improving the link adaptation by more detailed CSI reporting.

Hybrid-ARQ acknowledgements are transmitted on the PUCCH (unless there is a

PUSCH transmission at the same time). As described in Chapter 10, either of the PCell or

the PUCCH-SCell is used, depending on which of the downlink carriers the data was

transmitted upon. In many cases this is a good and robust setup. However, when aggre-

gating multiple TDD carriers with different uplink-downlink patterns, especially with a

downlink-heavy pattern on the PCell or PUCCH-SCell, there can be a non-significant

delay until there is an uplink slot upon which the PUCCH transmission can take place.

To reduce this delay, release 17 allows the PUCCH to be switched to another cell,

known as the PUCCH switching cell (PUCCH-sSCell). One PUCCH-sSCell can be

configured in each of the two PUCCH groups. The switching can either be dynamically

or semi-statically controlled. In the former case, the PUCCH cell indicator in the DCI

selects which of two semi-statically configured cells – the PCell or the PUCCH-sScell –
that should be used for the PUCCH transmission. In the latter case, a semi-static pattern is

configured, indicating for each of the PUCCH groups which of the two carriers to use

for PUCCH transmission.

A simple example of PUCCH cell switching is illustrated in Fig. 21.7. Note that

sometimes the PCell is best from a latency perspective, while at other points in time

the PUCCH-sSCell is better.

Another enhancement in release 17 is the possibility to retransmit the hybrid-ARQ

acknowledgments. The reason for this is that, in release 16, acknowledgements might be

dropped for several reasons. For example. Uplink prioritization rules may have priori-

tized another uplink transmission or the PUCCH was overlapping with invalid symbols.

In this cases, the gNB would not know whether the PDSCH was correctly received or

not and would schedule a potentially unnecessary retransmission. To handle this, the

gNB can request the acknowledgement to be retransmitted by setting the HARQ

retransmission indicator in the DCI.
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There is also possibility to defer the acknowledgements when using semi-persistent

scheduling. To support low latency, very short periodicities for semi-persistent schedul-

ing can be used. However, the periodicities necessary from a downlink latency perspec-

tive may not match the uplink-downlink pattern in a TDD carrier, causing the

acknowledgement to be dropped in releases prior to release 17. To address this, the pos-

sibility to defer the acknowledgement until the next available uplink resource is

introduced.

To improve the link adaptation, CSI reporting has been extended to full CSI report-

ing per sub-band using 4 bits instead of relying on 2-bit differential reporting. Release 17

also provides some enhancements in multiplexing low priority and high-priority UCI in

the same transmission.

21.7 Multi-connectivity with PDCP duplication

Duplication, that is, transmitting the same downlink data more than once as a mean to

increase reliability, is possible already from the first release of the NRwhere the duplicate

detection mechanism in PDCP can remove the duplicates. In case of carrier aggregation,

the RLC can also be configured to remove downlink duplicates. This is primarily an

implementation aspect and the gNB can exploit duplication strategies within this frame-

work as needed. The multi-TRP enhancements in release 16 and later, see Chapter 12,

can also be used as a form of multi-connectivity to increase robustness.

In the uplink, the picture is more complex. Packet duplication cannot be left as an

implementation-specific aspect as the network in that case would not be in control of

the performance. Instead, the device behavior needs to be specified.

In release 15, PDCP duplication can be configured with up to two RLC entities for

one radio bearer. Each PDCP PDU is duplicated with one copy mapped to the primary

PCell

PCell

PUCCH-sSCell

ACK on PCell ACK on PCell

ACK on PUCCH-sSCell ACK on PCell

Latency gain

Carrier 
aggregation

Carrier 
aggregation

Fig. 21.7 Illustration of the latency gain obtained from switching to PUCCH-sSCell.
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logical channel and one copy to the secondary logical channel. Since each logical channel

has its own RLC entity, there will be two RLC entities associated with the radio bearer.

These RLC entities can either belong to different cells from the same gNB (duplication

using carrier aggregation) or different cells from different sites (duplication using dual

connectivity). MAC control elements can be used to enable/disable duplication.

In release 16, this framework has been extended to support up to four RLC entities

(Fig. 21.8). Thus, simultaneous duplication across carriers and sites can be handled, unlike

earlier releases where either carrier aggregation or dual connectivity could be used in the

uplink but not simultaneously. Similar to release 15, the enhanced PDCP duplication can

be activated/deactivated by MAC control elements.

21.8 IIoT and URLLC in unlicensed spectra

Operation in unlicensed spectra, with initial support in release 16, can unleash signif-

icant amounts of spectrum without requiring a license. This can be advantageous in

many scenarios although the in general unpredictable interference situation causes var-

iations in latency and data rates and limits the performance compared to licensed spec-

tra. However, in some scenarios the network owner can control which users that enter

a specific area. In such controlled environment, for example a factory, the interference

situation is more predictable and URLLC and IIoT type-of-services can often be

offered also in unlicensed spectra. One important enhancement in release 17 is to

enhance the support for these type of services in unlicensed spectra. Most of the mech-

anism required for unlicensed spectra are introduced in release 16 and described in

PDCP

RLC

MCG

MAC

Cell #1 Cell #2

MAC

Cell #3 Cell #4

SCG

RLC RLC RLC

copy

Fig. 21.8 Illustration of duplication across carriers and sites.
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Chapter 21, but there are a few enhancements needed to complete the support

of URLLC.

In a controlled environment, semi-static channel access is possible (known as

frame-based equipment, FBE). Compared to dynamic channel access, semi-static

access is beneficial as it does not rely on a random back-off and therefore provides

more predictable latency. In release 17, configured grants can be combined with

semi-static channel access in unlicensed spectra as described in Chapter 20, while

in release 16 configured grants were designed with dynamic channel access in mind.

Furthermore, DCI formats 0_2 and 1_2 are extended with the information fields

already present in formats 0_1 and 1_1 and required for exploiting unlicensed

spectra.

21.9 Time synchronization for time-sensitive networks

Time-sensitive networks (TSN) refer to a class of communication networks where very

accurate timing is required. The nodes involved must have the same understanding of the

time and communication packets need to be delivered within a time budget. This does

not necessarily imply that the latency requirement is very low, although this can of course

be the case, but rather that there is a common time reference and, in many cases, that the

delay jitter is low. The mechanisms discussed in the previous sections, for example con-

figured grants and the associated priority handling, can be used to provided latency-

bounded low-jitter communication. However, in many scenarios this is not enough

but here is also a need to have a common and very accurate time synchronization across

several nodes.

Industrial automation is one typical TSN scenario targeted by NRwhere the require-

ments is to provide a common time reference with at most 1μs inaccuracy across a

100m�100m industrial site. In a wired environment, Ethernet is commonly used for

time-sensitive networking, both for controlling the time references (there can be several)

and for transmitting user data. Several protocols are available for time synchronization

across a wired Ethernet network, for example the IEEE 1588 standard. However, these

protocols are not developed with wireless connectivity in mind. To better support time-

sensitive communication also over 5G networks, functionality is added to provide an

accurate time reference over the 5G network. The time reference can be used at the

device side to derive the different time references needed by the machines connected

to the wireless receiver, see Fig. 21.9. Given the accuracy requirement, the accuracy

of the radio network should be around 0.5μs or less.
As a baseline, the device is not aware of the absolute time in the 5G network (at least

not with sufficient accuracy). The timing advance value is known though fromwhich the

device can derive the propagation delay from the base station to the device assuming the

timing advance has been set to twice the propagation delay. To obtain an absolute timing
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reference in the device, the gNB transmits an RRC message with the absolute time at a

future point in time corresponding to the end of a future system frame with a specific

number. The content of the message is set is such that any delay in the transmitter-

internal processing is compensated for, that is, the absolute time provided in the message

represent the time at the antenna connector of the base station at the end of a future sys-

tem frame number. The device can, upon receiving this message, compensate for the

propagation delay and determine an absolute timing reference, see Fig. 21.10. Estimates

of the propagation delay, necessary to perform the compensation, can be obtained either

from the timing-advance value already available in the device or, if higher accuracy is

required, from roundtrip-time measurements. Roundtrip-based measurements are based

on the gNB transmitting a reference signal, either a TRS or a PRS. Upon reception of

the reference signal, the device responds with an SRS. The gNB measures the time from

the transmission of the TRS or PRS to the reception of the SRS and sends this value to

the device. As the device knows its TRS/PRS-to-SRS delay, it can compute the

propagation delay.

An alternative to compensating for the propagation delay in the device, the com-

pensation can be handled in the gNB instead. The roundtrip measurements are done

in the same way as previously describe, but with the device reporting the TRS/

PRS-to-SRS delay to the gNB, which adjusts its transmitted timing reference

accordingly.

PLC Ethernet bridge 5G core 5G RAN Industrial 
IoT device

TSN over Ethernet TSN over 5G NR TSN over Ethernet

5G time reference

Fig. 21.9 Illustration of TSN over 5G.
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Fig. 21.10 Computation of the timing reference at the device.
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The RRC messages with the absolute time are transmitted in one of the system

information blocks, SIB9, typically transmitted every 160ms. If more frequent time-

reference signaling is needed to maintain the accuracy, or it is important to protect

the time-reference using ciphering, dedicated RRC signaling can be used as an

alternative.

Once the device in the 5G network has obtained an accurate absolute time in the 5G

network, the clocks connected to the device can be synchronized with this 5G clock and

thus also with the clocks in the overall time-sensitive network.

As alreadymentioned, Ethernet is commonly used for communication in wired TSN.

Efficient support of Ethernet-based communication is therefore important and, in addi-

tion to time synchronization, NR is also enhanced with Ethernet header compression for

efficient delivery of Ethernet frames. This is done by extended the PDCP protocol to

support Ethernet header compression.
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CHAPTER 22

RedCap and small data transmission

In the previous chapter, URLLC enhancements were discussed, primarily for industrial

IoT. However, not all IoT use cases are latency critical. Instead, aspects such as reasonably

high data rates, higher than eMTC/NB-IoT, at a modest cost can be more important. To

address these use cases, reduced capability (RedCap) devices are introduced in release 17.

Release 17 also introduces small data transmission (SDT) to improve the handling of

small amounts of data. This is a common scenario in many machine-type communication

scenarios, although SDT is not limited to machine-type communication but can be used

as a general tool.

22.1 RedCap devices

The first release of NR was designed focusing primarily on mobile broadband services

and, to some extent, on URLLC services. For massive machine-type communication,

the LTE-derived technologies eMTC and NB-IoT are used and NR provides mecha-

nisms for supporting eMTC/NB-IoT on the same carrier as NR itself, thereby providing

an integrated system supporting mobile broadband, critical IoT and massive IoT.

However, some IoT services have higher requirements than what eMTC/NB-IoT

provides but lower than what can be provided by the full set of NR features. Industrial

wireless sensor networks, video surveillance, and wearables are all examples requiring

lower device cost and longer battery lifetime than NR, but higher data rates and lower

latency than eMTC/NB-IoT [109]. The lower-end LTE device categories, cat 1 – cat 4,
is one possibility but to address these needs within the NR family, release 17 introduces

reduced capability (RedCap) devices. These devices are NR devices but with lower cost

and complexity than regular NR by limiting some of the features, see Fig. 22.1. RedCap

devices can operate in both paired and unpaired spectrum and in both FR1 and FR2.

Downlink peak data rates in the order of 85Mbit/s, 50Mbit/s, and 240Mbit/s supported

in FR1 FDD, FR1 TDD, and FR2 TDD, respectively, for the simplest RedCap devices

[110]. These numbers are significantly higher than eMTC/NB-IoT but not as high as

“regular” NR.

The work onRedCap started with a study on potential technology options for reduc-

ing device complexity and cost [111]. Based on this study, it was concluded that signif-

icant cost reduction could be obtained by limiting the carrier bandwidth to 20MHz in

FR1 and 100MHz in FR2, targeting single-antenna devices, removing 256QAM, and
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using half-duplex FDD. In total, 65% cost reduction for FR1 and 50% for FR2 can be

achieved for the simplest RedCap devices although the exact numbers vary with the

assumptions made.

22.1.1 Bandwidth reduction and initial access
RedCap devices support less bandwidth than ordinary NR devices. For RedCap in FR1,

at most 20MHz is supported, and for FR2 at most 100MHz is supported. This is signif-

icantly smaller than regular NR, especially in FR1, and allows for a substantial cost reduc-

tion in the RF components. It also implicitly limits the data rates, thereby reducing cost

also in the baseband processing.

The minimum bandwidth supported by RedCap is much larger than what is required

by the SSB. Redcap devices are therefore capable of acquiring the same SSB as regular

NR devices, in contrast to NB-IoT/eMTC devices which require separate system infor-

mation delivery given their narrow bandwidth. Once the SSB has been acquired, the

remaining SIBs can be scheduled by the gNB with the RedCap bandwidth limitation

in mind. Given the reduced bandwidth of the device, the initial bandwidth part config-

ured in the cell might be larger than what the device can handle. A separate initial band-

width part, specific for RedCap devices, can therefore be configured through the system

information.

Cell barring can be signaled in SIB1 separately for RedCap devices, allowing the net-

work to separately restrict one-antenna and two-antenna RedCap devices from accessing

the network. The background to this functionality is the concern of potential perfor-

mance degradation of the system performance from the presence of less capable devices

in the network. If this is a concern for an operator in specific cells, these cells can be con-

figured not to allow some or all RedCap devices from accessing the cell.

Early indication whether a device is a regular device or a RedCap device, and hence

may require special treatment, is provided as part of the random-access procedure.

RedCap-specific preambles can be configured, otherwise, msg3 (or msgA for 2-step ran-

dom access) indicates that random access is from a RedCap device by using one of two
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Fig. 22.1 Illustration of the relation between NR, RedCap, and eMTC/NB-IoT.

496 5G/5G-Advanced

https://t.me/learningnets



specific LCID values for the CCCH. Using a specific LCID value instead of explicit sig-

naling was chosen as there was no additional bits available without changing the signaling

structure.

The use of a smaller bandwidth part for RedCap devices than for regular devices can

result in resource fragmentation due to RedCap PUCCH transmissions, see Fig. 22.2. If

all devices support the same bandwidth, which is the case for baseline NR, the PUCCH

can be transmitted at the edges of the initial bandwidth part as shown in the left of the

figure. However, if some devices do not support the full bandwidth, as is the case for

RedCap devices, their PUCCH transmissions will typically take place at a different fre-

quency region than the baseline devices and cause fragmentation of the PUSCH

resource. Resource fragmentation would limit the possibility to schedule wide band-

widths for non-RedCap devices and negatively impact the data rates they may achieve.a

To mitigate this, PUCCH frequency hopping can be disabled for msg4. By disabling

PUCCH frequency hopping and placing the RedCap initial bandwidth part at the

end of the regular initial bandwidth part, see the right part of Fig. 22.2, uplink resource

fragmentation can be avoided.

One consequence of the limited bandwidth of RedCap devices is that they may all

end up camping on the same part of the overall carrier bandwidth, namely the part where

the SSB is transmitted. This may not be desirable as this part of the carrier may become

congested. To alleviate this, multiple bandwidth parts can be configured in the Redcap

devices with one SSB per bandwidth part. Non-cell-defining SSBs, see Chapter 16, are

used for the bandwidth parts not covering the cell-defining SSB. RRM measurements

can be configured to use the non-cell-defining SSBs.

22.1.2 Single-branch Rx antenna
As a baseline, although depending on the frequency bands supported, NR devices all

have at least two and often four reception antennas and are therefore capable of receive

diversity and typically also two-layer MIMO. This is beneficial from a performance per-

spective. However, for low-end devices, the cost of two antennas and the associated

PUCCH

PUCCH

Without RedCap devices With RedCap devices

PUCCH 
(non-RedCap devices)

PUCCH
(RedCap & non-RedCap devices)

Fragmented
PUSCH resources

PUCCH
(RedCap devices)

PUCCH
(non-RedCap devices)

PUCCH
(non-RedCap devices)

If frequency hopping would be used

Fig. 22.2 Avoiding uplink resource fragmentation when introducing RedCap.

a If non-contiguous resource allocation in the uplink would be supported, fragmentation would not be an

issue.
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processing chains might not be insignificant. Multiple antennas and MIMO support is

therefore optional for RedCap devices.b Not supporting (at least) two reception antennas

impact the downlink coverage. However, in many cases the uplink coverage is the lim-

iting factor and hence the downlink impact is less of a concern for a RedCap device,

especially as the data volumes for RedCap devices are small. During the study leading

up to theRedCap specifications [111], up to 3dB lossc in downlink coverage was deemed

acceptable and only for msg2 and msg4 during random access this needs to be mitigated.

For msg2, a lower modulation-and-coding scheme can be used and for msg4 hybrid-

ARQ retransmissions will helps to ensure sufficient coverage. Since RedCap devices

are distinguishable from normal devices already during the random-access procedure,

the gNB can select the appropriate transmission parameters for msg3 (or msgB).

In FR1, RedCap devices can support one or two antennas and the corresponding

number of MIMO layers. The number of antennas is indicated as a device capability

and the gNB takes this into account when performing scheduling.

In FR2, RedCap devices support one or two MIMO layers, independently of the

number of antennas implemented (obviously the number of antennas need to larger than

or equal to the number of MIMO layers). The number of MIMO layers supported is

indicated as part of the device capabilities. There is also the possibility to support a

new lower transmit power class to further reduce the device cost in FR2.

Another simplification made for RedCap devices is to not require support for 256-

QAM (and obviously not for 1024-QAM either).

22.1.3 Half-duplex FDD
Typically, FDD devices support full duplex communication, that is, simultaneous trans-

mission and reception in the uplink and downlink, respectively. Simultaneous transmis-

sion and reception is beneficial from, for example, a capacity and latency perspective.

However, it requires a duplex filter which comes at a cost.

To reduce cost, an FDDRedCap device may support half-duplex operation only (the

network can still operate using full duplex by scheduling different devices in uplink and

downlink). Using half-duplex at the device implies that no duplex filter is needed in the

device. Instead, a switch can be used to isolate the receiver from the transmitter, see

Fig. 22.3. Such a switch has around 0.8dB lower insertion loss compared to a duplex

filter. Consequently,HD-FDDRedCap devices are required to have up to 0.8dB improved

receiver sensitivity compared to a full-duplex FDD device in some frequency bands.

b For RedCap devices in FR1, the number of MIMO layers is always identical to the number of supported

reception antennas.
c During the actual specification work, no 3dB loss was assumed and hence the coverage is better than what is

suggested by the study in [111].
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The switching times for a half-duplex FDD device are the same as used for TDD.

Similarly, the rules for prioritization between downlink and uplink in the device also fol-

lows the rules defined for TDD with some exceptions [112].

Whether a cell is supporting half-duplex FDD RedCap devices or not is indicated in

SIB1. The purpose is to ensure that half-duplex RedCap devices refrain from accessing a

cell not supporting the duplex characteristics required by the device.

22.1.4 Higher-layer complexity reductions
To reduce the higher-layer complexity, there are a set of smaller enhancements intro-

duced as part of RedCap. The changes are mainly related to limitations of the parameter

ranges, rather than changing the basic protocol structure. For example, a RedCap device

does only have to support up to 8 radio bearers, unlike up to 16 as required for a regular

device. Given the lower data rates, PDCP and RLC sequence numbers can be limited to

12 bits (as opposed to 18 bits for regular devices). Finally, automatic neighbor (ANR)

functionality used to support mobility is optional for RedCap devices as the scenarios

targeted by RedCap devices have no or limited mobility requirements.

22.1.5 Enhanced DRX and neighboring cell measurements
Device energy consumption is a concern, especially for wearables which is one of the

device types targeted by RedCap. To reduce the energy consumption and thereby

prolonging the battery lifetime for RedCap devices, the DRX mechanism has been

Fig. 22.3 Full duplex (left) and half duplex (right) devices.
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extended – known as eDRX – to allow for very long sleep intervals. Close to three hours

of sleep before waking up is possible in idle state. From a RAN perspective, there is no

difference between idle and inactive state with respect to sleeping, but since not all core

network aspects were investigated when freezing release 17, the longest eDRX cycle for

the inactive state is 10.24 s, a restriction that is lifted in release 18 and hence providing

close to 3h of sleep also in the inactive state.

The system frame number, which is used when defining timers for regular DRX,

wraps around every 10.24 s (10 bits are used to encode the SFN). Consequently, handling

of eDRX cycles longer than this requires the definition of a hyper frame number. The

hyper frame number provides 10 additional bits, transmitted as part of SIB1, and is used

together with the system frame number in the calculations controlling when a device can

be paged to enable sleep cycles close to 3h.

To further improve the battery lifetime, the neighboring cell measurements require-

ments can be relaxed for a RedCap device.d If relaxation is enabled by the network, a

device which is judged to be stationary and, optionally, not at the cell edge, can relax

its neighboring cell measurements. Whether the device is considered stationary or not

is based on RSRP/RSRQ measurements.

22.2 Small data transmission

TheRRC state machine in NR has been designed with different RRC states as discussed

in Chapter 6. Most of the time the device is in the idle state with no possibility for data

transfer.When the need for data transfer arises, a connection is established with the device

moved to the connected state and data transfer subsequently takes place. Once the data

has been transferred, the device, at some point in time, returns to the idle or inactive state.

Limiting data transfer to the connected state only is a good approach for larger amounts of

data as transmission can make use of the device’s unique capabilities, something which is

possible in connected state only.

Moving from idle to connected state requires signaling of configuration parameters

and establishing a connection with the core network. The amount of signaling for this

may be non-negligible and the inactive state was therefore introduced in NR from the

first release. Inactive state is a good step towards reducing the overhead as the configu-

ration information and the connection to the core network are kept when transitioning

back and forth between inactive and connected states, unlike the case when moving from

idle state. However, for transmission of small payloads, which is common in, but not lim-

ited to, IoT scenarios, the signaling overhead related to moving to connected state might

be non-negligible compared to the amount of user data, despite the use of the inactive

state. Therefore, release 17 introduces support for small data transmission (SDT), which

in essence is a procedure allowing (uplink) data and/or signaling transmission while

d Relaxation was introduced already in release 16 but further refined in release 17.
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remaining in the inactive state, that is, without transitioning to from the inactive to the

connected state. Release 17 focused on mobile-originated data transmission; enhance-

ments for small amounts of mobile-terminated data are part of release 18.

22.2.1 Triggering of SDT
Small-data transmission is configured on a radio-bearer basis. Upon data arrival in a

device in the inactive state and with SDT enabled, the device takes a decision whether

to use the SDT procedure for data transmission or whether to initiate a transfer to the

connected state and subsequent data transfer. If the payload is below a threshold and

the downlink RSRP is above another threshold, the device initiates the SDT procedure,

otherwise it uses random access to establish a connection in the same way as in earlier

releases. The intention behind these rules is to use SDT in situations when the channel

conditions are good and the amount of data is small. For larger payloads, connected state

is more efficient and SDT is not used.

Two schemes for uplink small data transmission are defined: SDTwith random access

and SDT with configured grants.

22.2.2 SDT with random access
For the random-access-based PUSCH transmission, user data is transmitted as part of msg

3 or msg A for four-step and two-step random access, respectively (Fig. 22.4). Compared

to regular random access, which does not allow for data transmission as part of msg 3 as

configuration of, for example, security has not been completed, uplink data can be trans-

mitted in an SDT-initiated random access. To handle early data transmission, which

includes resuming the DRB and security configuration as well as providing a sufficiently

large scheduling grant in msg3, it is necessary for the network to distinguish between

SDT-imitated random access and regular random access. This is achieved by configuring

a subset of the random-access preambles for SDT only, while the remaining set of pre-

ambles are used for regular random access.

In case of SDT with four-step random access, upon transmitting the selected pream-

ble, the network responds with msg 2 (also known as random-access response, RAR) as

outlined in Chapter 17. Compared to a regular random access, the size of the uplink

resources allocated by msg2 and the associated transport-block size are larger for SDT

to accommodate (some of) the user data as part of msg 3.

Once msg 3, including the user data, has been transmitted, the device does not know

whether there was an uplink collision. Therefore, similar to regular random access, the

device needs to receive msg 4 for contention resolution. If the contention resolution

was successful, the device knows that the (first part of) the user data was properly received.

The device will now start monitoring the PDCCH using the C-RNTI such that subse-

quent data can be scheduled on the uplink despite the device still being in the inactive state.
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The motivation for this is to handle situations when the amount of data to transmit is larger

than what would fit into msg3 but still small enough not to motivate the transition to con-

nected state. Although large amounts of data can be transmitted from the device using this

mechanismwithout moving to the connected state, it is inefficient to do so as the advanced

features available in the connected state cannot be used. Therefore, msg4 may also contain

RRC signaling to transfer the device to the connected state to handle transmission of addi-

tional data using regular uplink scheduling, or to release it to the inactive (or even idle) state

if there is no need for further data transfer at this point in time.

The two-step SDTprocedure is similar to the four-step procedure. The set of preambles

associated with SDT and used in msgA are in this case linked to a larger PUSCH allocation,

sufficient tohandle (the first segmentof) theuserdata.Contentionresolution isnecessary also

in this case. This is handled as described in Chapter 17 bymsgB, which, similar to the four-

step procedure, may contain RRC signaling to change the RRC state of the device.

The SDT attempt can fail for several reasons, for example if the maximum number of

random-access attempts have been reached, the SDT failure detection timer expires, or if

the device performs a cell reselection. In case of an unsuccessful SDT attempt, the device

moves to the idle state.

Device

msg1 (preamble)

msg2 (RAR)

msg3 (contention resolution)

msg4 (contention resolution)

RRCResumeRequest

Uplink timing adj.

RRC_CONNECTED

RRCResume

RRCResumeComplete

User data

RRC_INACTIVE

Device

msgA(preamble+resume+data)

msgB(RRCSuspend)

RRC_INACTIVE

RRC_INACTIVE

RRC_INACTIVE

RRCSuspend

Small-data transmissionRegular uplink data transmission

gNB gNB

Fig. 22.4 Example of the random-access-based SDT procedure vs regular random-access followed by
data transmission.
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22.2.3 SDT with configured grants
Configured grants can be used in combination with SDT. In a scenario with stationary

devices and periodic traffic, it could be an efficient alternative to random-access-based

SDT if longer periodicities than in connected state would have been supported which

unfortunately is not the case in release 17.

The device is configured with a type 1 configured grant. The grant is only valid in the

PCell from which the device was moved to the inactive state, that is, mobility between

cells is not supported and random-access-based SDT or conventional connection estab-

lishment has to be used in these cases.

One challenge with configured grants is that the device needs a valid timing advance

for successful PUSCH transmissions. In connected state, the gNB can measure on the

uplink transmissions and send timing advance commands to the device, but unlike

random-access-based SDT there is not feedback from the network. Hence, the device

needs to determine by itself whether the timing advance value still is valid. For this

purpose, a configurable timer is used. Upon expiry of this timer, the uplink timing is

considered invalid and the configured grant resources are released. For the initial

configured-grant transmission the downlink RSRP is also taken into account; if the

RSRP of a configurable set of SSBs falls below a threshold, the uplink timing is not con-

sidered valid and the configured-grant resources are released. The reason for this mech-

anism is to have the configured grant valid only in some beams and to drop it when the

device moves outside the area covered by these beams.
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CHAPTER 23

Multicast-broadcast services

Data transmission in the first releases of NR focuses of data intended for a single user only

and transmission protocols and radio-resource management procedures are all designed

with this in mind.a However, there are use cases where multiple users are interested in the

same information. Radio and TV broadcasting networks are two well-known examples

of networks focusing on covering very large areas with the same content, with no or lim-

ited possibilities for transmission of data intended for a single user. Other examples,

potentially more relevant to cellular systems, when delivery the same data to multiple

devices is of interest are first responders, where a dispatcher need to communicate with

a group of responders, and software upgrades of multiple devices.

To better address these types of scenarios, release 17 introduces broadcast and multi-

cast functionality to NR. The provision of broadcast/multicast services in a mobile-

communication system implies that the same information is simultaneously provided

to multiple devices, which in many cases reduces the amount of network resources

required compared to individual transmissions to each of the devices. The remainder

of this chapter will describe the details behind broadcast/multicast in release 17 and some

of the enhanceents in release 18.

23.1 Unicast, multicast and broadcast

Unicast communication is the baseline in NR, that is, data is intended for (or coming

from) a single device. IP packets enter (or leave) the core network via the user plane function

(UPF) with a PDU session handling the end-to-end connectivity between the UPF and

the device. In the radio-access network, data are transmitted over one or more data radio

bearers (DRBs). This was outlined in Chapter 6 and is the background to many of the

subsequent chapters.

Multicast/broadcast services (MBS), on the other hand, refer to services where the data

can be (and typically are) intended for multiple devices. In analogy with unicast transmis-

sions, IP packets arrive to theMB-UPF in the core network and theMBS session provides

the end-to-end connectivity between the MB-UPF and the device. Two types of ser-

vices are provided, broadcast services and multicast services.

a System information is an exception as the data is relevant for all users in a particular cell.
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Broadcast services allows any MBS-capable device in the broadcast area, irrespective of

theRRC state, to receive the data without contacting the network to join anMBS session.

Devices may start and stop receiving a broadcast transmission whenever they want without

informing the network and no uplink transmissions are required. Consequently, the net-

work is not aware of which devices that are receiving what content. This is similar to

receiving a TV program at home without information the TV broadcast operator about

which channel you are watching. Retransmissions based on feedback from the devices can-

not be used, neither can other features relying on device feedback. Thus, transmission

parameters have to be chosen such that all positions within the broadcast area are suffi-

ciently well covered. Since no feedback signaling is used, broadcast transmissions are highly

scalable with no upper limit on the number of users possible to accommodate.

Multicast services, on the other hand, implies that the data is transmitted to a group of

devices. Prior to receiving multicast data, the device needs to contact the network to join

an MBS session and be added to the corresponding multicast group. Once the device has

joined theMBS session, the device is providedwith the relevantRRC configuration infor-

mation and is ready for the session to be activated and data to be transmitted. Multicast

inherits most of the unicast functionality, including the possibility for feedback from the

devices. This can result in highly efficient transmissions but is not as scalable as broadcast

transmissions as the need for feedback signaling eventually will limit the capacity. Further-

more,MBSdata reception is only possible in the connected state. Therefore, when anMBS

session is activated, group paging is used to ensure all devices in the corresponding group are

in the connected state before any data transfermay take place. In release 18,multicast recep-

tion is possible also in inactive state and the overhead from paging can thus be avoided.

For bothbroadcast andmulticast services,MBSdata enters theMB-UPFand is transmit-

ted to theMBS-capable gNBsusing shared transport, that is, each gNBreceives a single copy

of each MBS data packet. The involved gNBs in turn uses theMBS radio bearer (MRB) to

deliver the packets to all interested devices using point-to-multipoint (PTM) or point-to-point

(PTP) transmission as illustrated in Fig. 23.1. Broadcast services can use PTM only, while

multicast services can use PTM or PTP for conveying the data to the devices.

In addition, in order to support gNBs not capable of handling the MBS functionality

added in release 17 but still involved in the multicast transmission,MBS data can be deliv-

ered individually to each of the devices using unicast transmission, see the rightmost part

of Fig. 23.1. In this case, a DRB session is used for each of the devices and separate copies

of the data, one for each devices involved, is delivered to the gNB.

23.2 Channel structure

Multicast/broadcast services use MRBs to carry the MBS data in an MBS session. Each

MBS session has an associated identifier, the Temporary Mobile Group Identity (TMGI) and

the MRB data is transmitted to the devices using PTP (“PTP-MRB”), PTM
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(“PTM-MRB”), or a combination of the two (“split MRB”). Broadcast transmissions

can only use PTM, while multicast can use any of the three alternatives. The same general

user plane protocol architecture as described in Chapter 6 is reused for multicast/broad-

cast service although not all the functionality is used:

• SDAP; each QoS flow is mapped to one MRB, either the same MRB for multiple

QoS flow or individual MRBs, one for eachQoS flow. If both multicast and broadcast

transmissions are used in a cell separate MRBs are used for the corresponding MBS

sessions.

• PDCP; for multicast services the PDCP handles header compression and, in case of a

split MRB, selection between PTM or PTP delivery. Ciphering and integrity protec-

tion are not used for MBS data. For PTM links, PDCP retransmissions are not used.

• RLC; for broadcast and multicast delivery with PTM-MRB, or with the PTM leg of a

split-MRB, UM is used as there is no UL-SCH and hence no possibility for RLC

status reports in this case. For PTP-MRB, or the PTP leg of the split MRB, AM

or UM can be used.

• MAC; hybrid-ARQ retransmissions are possible for both PTM and PTP delivery.

Two new logical channels are introduced to support PTM delivery for multicast/broad-

cast services, themulticast traffic channel (MTCH) and themulticast control channel (MCCH),

both of which are mapped to the DL-SCH transport channel (Fig. 23.2).

The MTCH is the logical channel type used to carry MBS data transmitted using

PTM from one MRB, either from an PTM-MRB or from the PTM leg of a split

MRB. A device may receive multiple MTCHs, for example if it is interested in multiple

MBS services. Scheduling and transmission of MTCH uses the G-RNTI or, in case of

Fig. 23.1 Illustration of broadcast and multicast.
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semi-persistent scheduling, the G-CS-RNTI. Multiple G-RNTIs (and G-CS-RNTIs)

can be configured in a device in case the device is supposed to receive multiple MRBs.b

The MCCH is the logical channel type used to carry control information necessary

for reception of MBS data transmitted using broadcast. The MCCH uses RLC-UM and

the MCCH-RNTI is used when scheduling and transmitting data from the MCCH.

For MBS data transmitted using PTP, either from an PTP-MRB or the PTP leg of a

split MRB, the DTCH is the logical channel and the C-RNTI is used as for any unicast

transmission.

Some examples of different possibilities for MBS data delivery are illustrated in

Fig. 23.3:

• broadcast session using RLC-UM and PTM delivery,

• multicast session using RLC-UM and PTM delivery, and

• multicast session using RLC-UM or RLC-AM and PTP delivery.

23.3 Downlink data transmission

Point-to-point transmissions of MBS data on a DTCH is straightforward from a DL-

SCH processing point-of-view as these transmissions are no different from other unicast

transmission targeting a single device. The parameters required to receive the data,

including the scrambling sequence and time-frequency resources used, are conveyed

in the same way as for other unicast transmissions using the PDCCH.

Point-to-multipoint transmissions, on the other hand, require careful attention as a

single transmission is to be received by more than one device. The MTCH and MCCH

MTCH
(PTM only)

Logical 
Channels

Transport 
Channels

DL-SCH

Physical 
Channels

PDSCH

MCCH

PDCCH

DCI

RACH

PRACHPUCCH

UCI

Downlink Uplink
(only PTP and multicast PTM)

DTCH
(PTP only)

Fig. 23.2 Channel structure for MBS.

b It is possible to map multiple MRBs to a single G-RNTI (not all devices support multiple G-RNTIs).
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are mapped to the DL-SCH and use the transport-channel processing described in

Chapter 9 with some restrictions. First, to limit the amount of specification changes

needed to support multicast/broadcast and to increase the likelihood of devices imple-

menting this new feature, no new numerologies are introduced. In other words, the same

subcarrier spacing and cyclic prefix as supported in release 15 are used also for multicast/

broadcast in release 17. Furthermore, as all involved deceives must have the same under-

standing of the parameters used for the transmission, including scrambling sequences and

time-frequency resources, there are some enhancements in this area as described in the

following sections.

23.3.1 Single frequency networks
The baseline for downlink transmissions in NR is to transmit the signal to be received

from one site without coordinating the transmission activity across sites. The device

receives the signa, subject to interference due to the transmission activity in neighboring

sites. However, if the transmissions from the different sites are truly identical and mutually

time/frequency-aligned, the resulting signal at the device will appear as a single transmission,

subject to (severe) multi-path propagation. This can easily be handled by the OFDM

receiver “for free” without knowing which sites that are involved in the transmission.

Header compression

Segmentation

Header compression

Segmentation

Hybrid ARQ

QoS flow handling

Hybrid ARQ

Segmentation,
ARQ

Hybrid ARQ

Multiplexing Multiplexing Multiplexing

Multicast session

MTCH MTCH DTCH

DL-SCH DL-SCH DL-SCH

Header compression

Segmentation

MTCH

DL-SCH

QoS flow handling

Broadcast session

Segmentation

MCCH

DL-SCH

Broadcast session with PTM delivery Multicast session with PTM delivery Multicast session with PTP delivery

MRB MRBMRB

Fig. 23.3 Illustration of different possibilities for broadcast and multicast services.
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This is known as single-frequency network (SFNc) and can improve the performance as

transmissions from neighboring sites no longer add interference but useful signal.

To support SFN PTM transmission in NR, the scrambling sequence used for the

PDSCH, as well as the sequences used for demodulation reference signals, are both

dependent on the RNTI used for PTM transmissions – the G-RNTI, G-CS-RNTI,

or MCCH-RNTI – instead of the C-RNTI used for unicast transmissions.

Given the cyclic prefix duration in NR, SFN operation is useful mainly in deploy-

ments with small inter-site distances and tight time synchronization between the gNBs,

and less relevant for TV-like high-tower high-power deployments. This is not a major

limitation given the use cases targeted by NR multicast/broadcast.

23.3.2 Common MBS frequency resource
To ensure that all devices have the same understanding of the time-frequency resources

used, a common MBS frequency resource (CFR) is defined as a contiguous subset of common

resource blocks within a bandwidth part (Fig. 23.4). Point-to-multipoint transmissions

use the common frequency resource for the resource-block mapping, including VRB-

to-PRBmapping and PRB-to-CRBmapping. It can thus to some extent be viewed as an

additional bandwidth part used for PTM transmissions although it is not defined as such.

The configuration of the common MBS frequency resource is handled by RRC sig-

naling but differs slightly between multicast and broadcast as the latter is supported

entirely in the inactive and idle states.

Fig. 23.4 Illustration of the common MBS frequency resource for multicast PTM.

c Not to be confused with System Frame Number, which also is abbreviated SFN.
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For multicast MRBs, irrespective of PTP or PTM as the delivery method, all the

MBS configuration is provided using dedicated RRC signaling, including configuration

related to PDSCH, PDCCH, and semi-persistent scheduling. The common MBS fre-

quency resource must be within the active bandwidth part as a device is not supposed

to receive anything outside the active bandwidth part. It is up to the network to ensure

that any changes of the active bandwidth part in a device are such that this assumption is

not violated.

For broadcast MRBs, the common frequency resource by default covers the same

frequency as CORESET#0, but it is possible to configure different values as part of

SIB20. The MTCH and MCCH use the same common frequency resource.

23.4 Hybrid ARQ retransmissions

Retransmissions, either hybrid-ARQ or RLC retransmissions, serve an important role in

unicast transmissions to ensure error-free data delivery. For MBS services delivered using

PTP transmissions, these mechanisms can obviously be used in the same way as for any

other unicast transmission.

For PTM delivery, the situation is different. As no UL-SCH upon which RLC status

reports can be transmitted is present in this case, neither for multicast nor for broadcast,

RLC retransmissions cannot be used and the RLC operates in unacknowledged mode.

However, hybrid-ARQ retransmissions can be used for multicast transmissions with

acknowledgements handled according to one of three different alternatives, selected as

part of the RRC configuration:

• ACK/NAK,

• NAK only,

• No ACK/NAK.

The first two alternatives are applicable for multicast only as they require the possibility to

transmit feedback information while the third alternative, no ACK/NAK, can be used

for both multicast and broadcast services.

ACK/NAK operates in the sameway as for unicast transmissions. Preferably, the con-

figuration and signaling is such that different devices use different PUCCH resources to

avoid collisions. This also allows the gNB to identify which device(s) that could not

decode the transport block and allows the retransmission to use transmission parameters

optimized for the particular device(s), for example by using PTP to a single device. Sta-

tistics on the hybrid-ARQ feedback can also be used to adjust the transmission param-

eters, for example the modulation-and-coding scheme or the bandwidth used, thereby

optimizing the resource usage in the system. The same hybrid-ARQ codebook mech-

anism as for unicast are reused for multicast. Multicast and unicast may also be
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multiplexed using the same codebook and PUCCH resources, alternatively they may use

separate codebooks and PUCCH resources.

NAK only, where only negative acknowledgements are transmitted and nothing is

transmitted in case of successful reception of a transport block, is another alternative.

In this case, the configuration is typically such that multiple devices are configured with

the same PUCCH resource. Only PUCCH formats 0 and 1 are supported in this case and

the gNB can use energy detection to determine whether one or more devices requested a

retransmission. The gNB cannot identify which device(s) that could not decode but can

conclude that at least one device was not able to do so. PTM is used for the retransmis-

sions in this case. NAK-only feedback can be indicated for up to four transport blocks by

selecting one out of 15 resources for transmitting the NAK.

No ACK/NAK transmissions, that is, no feedback from the device, is the third alter-

native and applicable not only to multicast but also broadcast. Obviously the gNB does

not know whether devices successfully decoded the data or not, but it allows for “blind”

retransmissions. The gNB can choose to transmit the same transport block multiple times

and a device not successful in decoding the first attempt could perform soft combining of

multiple retransmissions to increase the likelihood of successful reception. This is useful

to improve the coverage of an MBS session.d

Different devices may use different hybrid-ARQ feedback signaling as they are indi-

vidually configured. It is also possible to enable/disable the transmission of acknowledge-

ments for all devices receiving a certain G-RNTI (assuming that devices are configured

appropriately to transmit acknowledgements when enabled to do so).

23.5 Downlink control signaling

To support the scheduling of multicast and broadcast transmissions, the regular PDCCH

structure is used. The CORESET used for monitoring of multicast/broadcast-related

PDCCH transmissions must be within the commonMBS frequency resource, otherwise

not all devices may be able to receive the PDCCH.

Three new DCI formats are introduced in release 17 to support multicast and broad-

cast transmissions:

• DCI format 4_0, used for broadcast transmission of MBS data (with the G-RNTI) or

MCCH transmissions (withMCCH-RNTI). The format is based on, and size-aligned

with, the fallback DCI format 1_0.

• DCI format 4_1, used for multicast transmission of MBS data (using the G-RNTI or

CS-G-RNTI). The format is based on, and size-aligned with, the fallback DCI

format 1_0.

d For multicast services, slot aggregation is also possible, see Section 23.6.1.
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• DCI format 4_2, used for multicast transmission of MBS data (using the G-RNTI or

CS-G-RNTI). The format is based on the non-fallback DCI format 1_1. The size is

configured by RRC signaling, which allows the network to align the size with the size

of, for example, DCI size 1_1 to meet the DCI size budget.

The content of the three multicast/broadcast related DCI formats are summarized in

Table 23.1. Comparing with the unicast formats in Table 10.2, many information fields

are the same between unicast and broadcast/multicast, but there are also some differences.

Table 23.1 DCI formats 4_1, 4_1, and 4_2 used for broadcast/multicast downlink scheduling.

Field

DCI format

4_0 4_1 4_2

Format identifier

Resource information CFI

BWP indicator

Frequency domain allocation •17 •17 •17

Time-domain allocation •17 •17 •17

VRB-to-PRB mapping •17 •17 •17

PRB bundling size indicator •17

Reserved resources •17

Zero-power CSI-RS trigger •17

Scheduling offset

Channel-access type

Dormancy indication

Transport-block related MCS •17 •17 •17

NDI •17 •17

RV •17 •17 •17

MCS, 2nd TB •17

NDI, 2nd TB •17

RV, 2nd TB •17

Priority indication •17

Hybrid-ARQ related Process number •17 •17

DAI •17 •17

PDSCH-to-HARQ feedback timing •17 •17

CBGTI

CBGFI

PDSCH group index

One-shot HARQ request

Number of PDSCH groups

New feedback indicator

Enhanced type 3 codebook indicator

HARQ retransmission indicator

Enable/disable HARQ feedback •17

Continued
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For example, there is no need for the BWP indicator as multicast and broadcast trans-

missions always use the common MBS frequency resource, neither is there any need

for the SRS request field as there is no uplink data transmission associated with the

downlink-only multicast and broadcast transmission. Some of the HARQ-related fields

are also omitted. For example, CBG retransmissions are not supported and hence there is

no need for these information fields.

There is also a new field in DCI format 4_0, theMCCH change indicator, used when

indicating an update of the MCCH information as discussed in Section 23.6.3.

As seen in Table 23.1, there are no power control commands in the newDCI formats

and an interesting question is how the PUCCH is power controlled. Including power

control commands in DCI formats 4_1/4-2 would not solve the problem as the required

PUCCH transmission power is different for different devices. Therefore, uplink power

control has to be handled using individual signaling to each of the devices, either by using

DCI format 2_2 for power control or, if unicast transmissions are also taking place,

the power control commands present in downlink scheduling assignments (DCI

formats 1_x).

23.6 Scheduling

Scheduling of MBS transmissions controls when and on what resources the transmission

takes place. For PTP transmissions, no special treatment with respect to scheduling is

required and the same mechanisms as for any other unicast transmission can be used.

(C-RNTI, SPS, etc.). For PTM transmissions – broadcast or multicast – some enhance-

ments are needed as the targeted devices may not necessarily be in the connected state.

The mechanisms used are somewhat different for multicast and broadcast transmissions as

discussed below.

Table 23.1 DCI formats 4_1, 4_1, and 4_2 used for broadcast/multicast downlink scheduling—cont’d

Field

DCI format

4_0 4_1 4_2

Multi-antenna related Antenna ports •17

TCI •17

SRS request

SRS offset indicator

DM-RS sequence initialization •17

PUCCH-related information PUCCH power control

PUCCH resource indicator •17 •17

PUCCH cell indicator

PDCCH-related information PDCCH monitoring adaptation

MCCH change indicator •17
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23.6.1 Scheduling of multicast services
Multicast transmissions on the MTCH can only be received in the connected state in

release 17 while release 18 also enables reception in inactive state. However, a device

subscribing to a multicast service may not be in the connected state when data arrive

and an MBS session is activated. To cater for devices not in connected state, the paging

mechanism is used to ensure that all devices in the multicast group transition to connected

state. In all paging occasions where there is at least one device subscribing to the MBS

service, that is, has joined the MBS session, a paging transmission takes place, but using

the TMGI of the MBS session to be activated instead of the device identity. A device

subscribing to this particular MBS session will, upon detecting the corresponding TMGI,

resume the connection when in inactive state or establish the connection when in idle

state using the random-access mechanism. Once all the devices are in connected state, the

multicast transmission can be scheduled using DCI format 4_1 or 4_2.

Semi-persistent scheduling can be used for multicast transmissions. In this case, the

device is configured in advance with the periodicity of the transmissions using RRC sig-

naling. Activation (and deactivation) of semi-persistent scheduling is done using the

PDCCH as for dynamic scheduling but with the G-CS-RNTI instead of the

G-RNTI normally used for multicast scheduling. The parameters necessary to receive

the multicast transmission, for example frequency allocation andmodulation-and-coding

scheme, are provided on the PDCCH when the semi-persistent scheduling is activated.

This follows the same principles as for conventional unicast transmissions, see

Section 14.4.

To conserve device power, it is possible to configure DRX patterns for multicast

reception, one per G-RNTI configured in the device. These DRX patterns operate

in a similar way as, and independent from, the unicast DRX patterns (see Section 14.5.1).

Slot aggregation, that is, transmitting one transport block across multiple slots to

improve coverage, is possible. The same mechanism as for unicast transmissions are used

with the time-domain allocation field of the DCI pointing into a table from which

(among other information) the number of aggregated slots is obtained (see

Section 10.1.15).

23.6.2 Scheduling of broadcast services
Scheduling of broadcast transmissions on the MTCH differs from scheduling of multicast

transmissions as broadcast data can be received by a device irrespective of the RRC state.

For idle and inactive devices, the network has no knowledge of which devices that are

interested in a particular broadcast service. The paging mechanism described above can

therefore not be used. Instead, the MCCH provides a list of all broadcast services trans-

mitted on theMTCHs, their TMGIs, and the associated G-RNTI used when scheduling
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data transmissions. A device interested in MBS reception will monitor the PDCCH for

potential scheduling of broadcast transmissions using the relevant G-RNTIs.

Upon detecting a DCI with the relevant G-RNTI, the device will receive the data

scheduled. Note that the use of DCI format 4_0 implies that broadcast transmissions are

dynamically scheduled – a PDCCHmonitoring occasion does not imply that a broadcast

transmission will occur at a certain point in time, only that a DCI scheduling a

broadcast transmission may occur at that point in time. Dynamic scheduling allows

the amount of resources used in the frequency domain to be dynamically adjusted to

match the amount of data to transmit. It is thus a more flexible scheme compared to

the fixed MBMS scheduling used in LTE [26].

Monitoring for G-RNTIs by default uses the same common search space as used for

SIB1 transmissions, but it is possible to configure a different search space using the

MCCH. MCCH may also provide additional MTCH scheduling information, which

in essence is a DRX configuration informing the device about when transmission of a

certain MBS session may occur. Together with the MTCH search space, the device thus

knows when to monitor for a certain G-RNTI. Multiple G-RNTIs can be monitored in

case the device is interested in more than one MBS session.

For MBS broadcast, there is no support for hybrid-ARQ retransmissions as there is

no possibility for feedback from the devices. Furthermore, the network is not aware of

which devices that receive what services. Nevertheless, the hybrid-ARQ buffers and

soft combining mechanism can be used to mimic slot aggregation to improve the cov-

erage of a service. The gNB can transmit the same transport block multiple times,

potentially with different redundancy versions, and the device can perform soft com-

bining of these attempts. Using one of the hybrid-ARQ processes, including the soft

combining buffer, reduces the device complexity in situations when the device is

receiving both unicast and broadcast transmissions. In this case the slot aggregation

buffer may already be occupied by the unicast transmissions and it is preferable to

use one of the hybrid-ARQ buffers instead of implementing a separate slot aggregation

buffer for the broadcast service.

23.6.3 Scheduling of broadcast control information
The broadcast control information is carried on theMCCH and includes a list of ongoing

MBS broadcast sessions and, for each such session, the associated G-RNTI. It may also,

for each ongoingMBS session, include information about the PDCP,RLC, and PDSCH

used for the MTCH.

The MCCH content is transmitted on the PDSCH within periodically occurring

transmission windows as illustrated in Fig. 23.5. Within each transmission window,

the device monitors the PDCCH for DCI format 4_0 with MCCH-RNTI. If a valid

DCI is detected, the PDSCH is received to obtain the MCCH content. The monitoring
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occasions, that is, when theMCCH can be transmitted, is configurable but defaults to the

same occasions as used for SIB1.

The content of the MCCHmay change over time, for example if an MBS service is

added or removed from the set of services broadcasted in the area or if the potential

scheduling frequency of a service need to change. Such changes are only allowed to

occur at a so-called modification period boundary. To indicate MCCH changes,

two bits in DCI format 4_0 used to schedule the PDSCH carrying theMCCH are used.

One of the bits indicate that a new MBS service has been added, the other bit indicate

other changes (for example configuration changes for an ongoing MBS service).

23.6.4 Multiplexing of unicast, multicast, and broadcast transmissions
Unicast, multicast, and broadcast transmissions can be multiplexed, both in time and fre-

quency, within the limitations of the device capabilities.

For unicast and multicast services, the device capabilities, for example the amount of

spatial multiplexing supported by the device or whether carrier aggregation is supported,

are known to the network and can be taken into account in the scheduling.

For broadcast services, on the other hand, the network is not aware of the device

capabilities as a device can choose to receive broadcast transmissions at its own discre-

tion. However, for the case of simultaneous broadcast and unicast reception, there

might be limitations in what the device is capable of. Therefore, there is a possibility

for the device to send an MBS interest indication to the network to indicate that it is

interested in receiving certain broadcast services. The scheduler in the gNB can take

this into account to schedule unicast transmissions to this device such that they do

not interfere with the possibility to receive broadcast transmissions. Release 18 also pro-

vides a mechanism where a device receiving broadcast temporarily reduces its capabil-

ities for unicast reception. The background to this feature is that the device may need to

use some of its capabilities, for example receiver processing otherwise used for carrier

aggregation, when receiving broadcast transmission. Expressed differently, without

informing the network which broadcast services the device is receiving, it would

not be possible for unicast services to benefit from the processing otherwise used for

broadcast reception.

Fig. 23.5 Monitoring for MCCH transmissions.
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23.7 Mobility

Mobility for multicast and broadcast services is possible, although not always in a

lossless manner.

For PTP transmissions, the same mechanism as for any other PTP transmission is used

to guarantee lossless data delivery, see Section 6.6.

For multicast transmissions, PTM-to-PTM lossless mobility is possible if blind PDCP

retransmissions are used and the PDCP sequence numbers are synchronized across the

involved cells. In this case, the device may receive duplicate copies of the same packet,

but the duplicate removal mechanism in the PDCP will discard those packets.

For broadcast transmissions, mobility is based on cell reselection and lossless mobility

cannot be ensured. However, the source cell can indicate on theMCCHwhether neigh-

boring cells provide the sameMBS session. This information can be used by the device in

the cell reselection decision.
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CHAPTER 24

Integrated access backhaul

NR integrated access backhaul (IAB) was introduced in 3GPP release 16. It provides func-

tionality that allows for the use of the NR radio-access technology not only for the link

between base stations and devices, sometimes referred to as the access link, but also for

wireless backhaul links, see Fig. 24.1.

Wireless backhaul, that is, the use of wireless technology for backhaul links, has been

used for many years. However, this has then been based on radio technologies different

from those used for the access links. More specifically, wireless backhaul has typically

been based on some proprietary, that is, non-standardized, radio technology operating

in mmwave spectrum above 10GHz and constrained to line-of-sight propagation

conditions.

However, there are at least two factors that now make it more relevant to consider an

integrated access/backhaul solution, that is, reusing the standardized cellular technology,

used by devices to access the network, also for wireless-backhaul links.

• With the emergence of 5G NR, the cellular technology is anyway extending into

the mmwave spectrum, that is, the spectrum range historically used for wireless

backhaul

• With the emergence of small-cell deployments with base stations located, for exam-

ple, on street level, there is a demand for a wireless-backhaul solution that allows for

backhaul links to operate also under non-line-of-sight conditions, that is, the kind of

propagation scenarios for which the cellular radio-access technologies have been

designed.

In other words, the radio-related characteristics and requirements of the access and back-

haul links are becoming more similar. Using the same radio technology for these links

then has several benefits.

• A single technology used for both the access and backhaul links allows for reuse of

technology development and larger equipment volumes, enabling lower cost

• An integrated access/backhaul solution improves the possibilities for pooling of spec-

trum where it can be up to the operator to exactly decide what spectrum resources to

use for access and backhaul respectively, rather than having this decided on in an essen-

tially static manner by spectrum regulators.
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24.1 IAB architecture

The overall architecture for IAB is based on the CU/DU split of the gNB, introduced

already in 3GPP release 15. According to the CU/DU split, a gNB consists of two func-

tionally different parts with a standardized interface in between.

• A Centralized Unit (CU) including the PDCP and RRC protocols

• One or several Distributed Units (DUs) including the RLC, MAC, and physical-layer

protocols

The standardized interface between the CU and a DU is referred to as the F1 interface

[105]. The specification of the F1 interface only defines the higher-layer protocols,

for example, the signaling messages between the CU and DU, but is agnostic to the

lower-layer protocols. In other words, it is possible to use different lower lower-layer

mechanisms to convey the F1 messages and data. As we will see below, with IAB, the

NR radio-access technology (the RLC, MAC, and physical layer protocols,) together

with some IAB specific protocols provides the lower-layer functionality on top of which

the F1 interface is implemented.

IAB specifies two types of network nodes, see Fig. 24.2:

Donor node

F1

CU DU MT DU

IAB node

Non-IAB 
backhaul

Donor node IAB node

Fig. 24.2 Overall IAB architecture with IAB donor node including CU and DU functionality and IAB
node including MT and DU functionality.

Access link

Wireless backhaul link

Fig. 24.1 Integrated access backhaul.
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• The IAB donor node consists of CU functionality and DU functionality and connects to

the remaining network via non-IAB backhaul, for example fiber-based backhaul.

A donor-node DU may, and typically will, serve devices, like a conventional gNB,

but will also serve wirelessly connected IAB nodes.

• The IAB node is the node relying on IAB for backhaul. It consists of DU functionality

serving UEs as well as, potentially, additional IAB nodes in case of multi-hop IAB (see

below). At its other side, an IAB node includes anMT (“mobile terminal”) functionality

(formally referred to as IAB-MT) that connects to the DU of the next higher node,

referred to as the parent node of the IAB node.a Note that the parent node could either

be an IAB donor node or another IAB node in case of multi-hop backhauling,

see below.

The MT connects to the DU of the parent node essentially as a normal device. The link

between the parent node DU and theMT of the IAB node then provides the lower-layer

functionality on top of which the F1 messages are carried between the donor node CU

and the IAB-node DU.

IAB also supportsmulti-hop backhaulingwhere an IAB node is backhauled to the donor

node via one or multiple intermediate IAB nodes, see Fig. 24.3. Note how, in the multi-

hop case, the F1 interfaces of the DUs of all the cascaded IAB nodes terminate at the same

donor-node CU.b

a The term “mobile terminal functionality” is somewhat misleading as the MT is not a terminal/device. The

term was selected to indicate the relatively high degree of commonality in functionality between the MT

and a device.
b In release 17 this may not be the case as discussed in Section 24.6 and Fig. 24.15.

Donor node

F1

CU DU MT DU MT DU

IAB node #1 IAB node #2

F1

Non-IAB 
backhaul

Donor node IAB node #1 IAB node #2

MT DU

IAB node #3

F1

Fig. 24.3 Multi-hop IAB (3 hops).
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In principle, IAB supports multi-hop backhauling with a large number of cascaded

IAB nodes. In practice though, one hop (no multi-hop as in Fig. 24.2) or two hops

(one intermediate IAB node) can be expected to be the most common cases, at least

in early IAB deployments.

Figs. 24.4 and 24.5 illustrate the IAB protocol stack for the U-plane and C-plane

respectively.

As indicated in Figs. 24.4 and 24.5, the upper part of the protocol stacks is directly

inherited from the general CU/DU split. The layers below are then providing the chan-

nel on top of which the F1 interface (F1-U and F1-C for the user plane and control plane

respectively) is implemented.

The lower three layers, up to an including the RLC protocol, are based on the normal

NR Uu interface with some IAB-specific extensions.

The BAP or Backhaul Adaptation Protocol is a new IAB-specific protocol responsible

for the routing of packets from the donor node to the target IAB node (IAB node #2 in

this case) and vice versa.

Each IAB node is assigned a BAP address. In the downlink direction, the BAP layer of

the donor node adds a BAP header to the packet to be transmitted. The BAP header

includes a routing ID consisting of a BAP address identifying the destination node and

SDAP
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PHY
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RLC
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UDP

IP
BAP

RLC RLC RLC
BAP

MAC MAC MAC MAC
PHY PHY PHY PHY
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Fig. 24.4 IAB protocol stack – U-plane.
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Fig. 24.5 IAB protocol stack – C-plane.
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a BAP path ID identifying the path to the destination (in case there are multiple possible

paths). The BAP header also includes a flag indicating if the packet is a user-plane packet

or a control-plane packet.

When a packet arrives at an IAB node the BAP layer reads the BAP header. If the BAP

address in the BAP header corresponds to the node itself, either because the packet is

intended for a device directly under the node or is a control-plane packet for the IAB

node itself, the packet is elevated to higher layers (GTP-U and F1-AP for user-plane

packets and control-plane packets respectively). If the BAP address of the packet does

not correspond to the IAB node itself, the BAP layer compares the packet routing ID

with entries in a routing table configured by the donor node. The routing

table indicates the next node for a given BAP address and BAP path ID. Assuming

the routing table includes an entry for the routing ID of the packet, the packet is delivered

to the appropriate DU for transmission to the next node indicated by the routing table.

The BAP protocol also operates in the uplink direction, in which case the first IAB

node, that is, the IAB node to which the device is connected, attach the BAP header with

the routing ID. Note that each IAB node has separate routing tables for the downlink and

uplink directions.

24.2 Spectrum for IAB

IAB supports the full range of NR spectrum, from sub-GHz to mmwave frequencies.

However, for several reasons, the mmwave spectrum is most relevant for IAB.

• The potentially large amount of mmwave spectrum makes it more justifiable to use

part of the spectrum resources for wireless backhaul. In contrast, the more limited

lower-frequency spectrum is often seen as too valuable to use for wireless backhaul

• Massive beam forming enabled at higher frequencies is especially beneficial for the

wireless-backhaul scenario with stationary nodes at both ends of the radio link

As indicated in Chapter 5, higher-frequency spectrum is mainly organized as unpaired

spectrum. Thus, operation in unpaired spectrum, with time-domain separation between

downlink and uplink, has been themain focus for the 3GPP discussions on IAB. However,

specification-wise, IAB can equally well be applied to paired spectrum at lower frequencies.

IAB supports both outband and inband backhauling

• Outband backhauling: The wireless backhaul links operate in a different frequency

band, compared to the access links

• Inband backhauling. The wireless backhaul links operate on the same carrier fre-

quency, or at least within the same frequency band, as the access links

In case of outband backhauling there is no interference between the access and backhaul

links and these can be operated essentially independent of each other.
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In contrast, in case of inband backhauling there could be significant interference

between the access and backhaul links. Especially, means must be taken to handle/avoid

the potentially very strong intra-node interference between the DU and MT parts of an

IAB node as will be further discussed in Section 24.5.c

24.3 Initial access of an IAB node

When an IAB node, or more exactly the MT part of an IAB node, is initially connecting

to the network (either directly to an IAB donor node or via another already up-and-

running IAB node in case of multi-hop backhauling) it does so essentially as a normal

device.

• The MT carries out cell search exactly as a device (see Chapter 16).

• From the system information of the found cell the MT determines if it can connect to

the cell (the cell could, for example, be a release-15 cell not capable of supporting

IAB nodes).

• If the MTmay connect to the found cell it carries out an initial access in essentially the

same way as a device (see Chapter 17) and a connection to the cell in established.

When IAB is used to extend the coverage of the cellular network, an IAB node may have

to access a parent node from larger distance, compared to the distance fromwhich devices

may access the cell. As a consequence, IAB-node access may require a RACH config-

uration that allows for larger range, for example a RACH configuration with preambles

of longer duration and larger guard space.

A RACH configuration supporting a longer round-trip time can always be used also

for normal devices accessing from shorter distance. However, such a RACH configura-

tion may imply extensive overhead, especially if the RACH occasions are to occur rel-

atively frequently which may be needed if a low RACH latency is to be enabled for

devices. In contrast, initial access by IAB nodes, which typically occur only rarely, in

the extreme case only once when the IAB node is initially deployed, may be much less

delay sensitive and thus a RACH configuration with less frequent RACH occasions may

be sufficient.

Thus, in some cases it may be beneficial to provide two different RACH configura-

tions within a cell

• One RACH configuration supporting the expected maximum round-trip time for

devices and with RACH occasions occurring relatively frequently

• Another RACH configuration specifically targeting IAB nodes, supporting longer

round-trip time but with less frequent RACH occasions.

c As discussed in Section 24.5, in case of multihop IAB such intra-node interference needs to be handled/

avoided also in case of outband backhauling.
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To enable this, NR allows for the cell system information to provide a separate IAB-

specific RACH configuration. This would then typically be associated with preambles

supporting larger range in combination with less frequently occurring RACH occasions.

If no such IAB-specific RACH configuration is provided, an IAB node should carry out

initial access according to the normal RACH configuration.

Once the MT has a connection to the network, the F1 interface between the donor-

node CU and the IAB-node DU is established, the DU is configured for operation and

the cells of the DU are established. The IAB node is then fully operational.

24.4 IAB-node transmission timing

An IAB node carries out two types of transmissions

• MT uplink transmissions toward the parent node

• DU downlink transmissions toward devices and, potentially, child IAB nodes in case

of multi-hop IAB

24.4.1 MT transmission timing
As described in Section 15.2 the transmission timing of a device or, more specifically, the

time offsetTTA between the uplink transmission timing and the downlink reception tim-

ing is given by

TTA ¼ NTA + NTA,offset

� � � Tc (24.1)

where

• NTA,offset is a cell-specific parameter

• NTA is a device-specific parameter which can be regularly updated by the network,

typically with the aim to align the reception timing of different uplink transmissions

The parameters NTA,offset and NTA exist also for the MT of an IAB node and they are

provided in the same way as for a device. However, for an IAB-node MT, the actual

transmission timing can be set in different ways depending on the timing mode which

can be configured independently for different slots.

In case of timing-mode case 1 (illustrated in Fig. 24.6), the MT transmission timing is

controlled exactly as for a device. In other words, the time offset between the MT trans-

mission timing and the MT reception timing is given by

UL TX at IAB-node MT

DL RX at IAB-node MT ,
·

Fig. 24.6 Timing-mode case 1 – MT transmission timing controlled similar to devices.
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TTA ¼ NTA + NTA,offset

� � � Tc (24.2)

By controlling theMT transmission timing in the sameway as the transmission timing

of devices, the parent node can make the transmissions fromMTs of different IAB nodes,

as well as transmission directly from devices, arrive time aligned at the receiver, thereby

retaining receiver-side orthogonality between different uplink transmissions.

In release 16, that is, the first 3GPP release to support IAB, case 1 was the only sup-

ported timing mode. However, two additional timing modes, timing-mode case 6 and

timing-mode case 7were introduced as part of release 17.d The reason for introducing these

additional timing modes was to allow for the alignment in time between MT and DU

transmissions within an IAB node (for timing-mode case 6), and the alignment in time

between MT and DU reception (for timing-mode case 7). This, in turn, improves the

operation of so-called FDM and SDM between the MT and DU of an IAB node, see

Section 24.5 below.

In case of timingmode 6 (illustrated in Fig. 24.7), the IAB node will ignore expression

(24.1) and will instead directly align its MT transmission timing with the transmission

timing of its DU (how the transmission timing of the DU is determined is described

in the next section).

In case of timing mode case 7 (illustrated in Fig. 24.8), the transmission timing of the

MT is adjusted, compared to timing-mode case 1, by the introduction of an additional

cell-specific parameter NTA,offset.2. In other words, the time offset TTA between the MT

transmission timing and the MT reception timing, for case-7 timing, given by

TTA ¼ NTA + NTA,offset + NTA,offset:2

� � � Tc (24.3)

The basic idea is that, by setting the parameter NTA,offset.2 properly, the parent node

can control the MT transmission timing in such a way that the MT transmission is

UL TX at IAB-node MT

DL RX at IAB-node MT

DL TX at IAB-node DU

Aligned

,
·

Fig. 24.7 Timing-mode case 6 – MT transmission timing aligned with DU transmission timing.

d The names of the timing modes are for historical reasons. Seven different schemes, or “cases, for MT

transmission timing was initially discussed arelady for release 16. Out of these, only case 1 was

eventually adopted for release 16. Two other cases (case 6 and case 7) was then included in release 17.
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received at the parent node DU with a timing that is aligned with the parent node MT

reception, that is, the reception of transmissions from a “grand-parent” node. Thus,

timing-mode case 7 provides a tool to align the MT reception and DU reception at

the parent node.

Note that timing-mode case 7 is only relevant if the parent node is also an IAB node

with its own parent, that is, in case of multi-hop IAB.

24.4.2 DU transmission timing and OTA timing alignment
Regarding the timing of DU transmissions, there is a general requirement in the 3GPP

specifications that, in case of operation in unpaired spectrum, the downlink transmission

timing of all cells should be mutually aligned within a window of 3 μs [104]. As, from a

device point-of-view, the cells created by an IAB node should be indistinguishable from

any other cell, this requirement on mutually aligned downlink transmissions between

cells also applies for cells created by an IAB-node DU, at least in case of operation in

unpaired spectrum.

Such alignment of the downlink transmission timing between nodes can be achieved

in several ways, including, for example, the use of GPS reception at the IAB node

together with an agreed absolute transmission timing. However, IAB also supports

over-the-air (OTA) based transmission-timing alignment where an IAB node can derive

its DU transmission timing solely from signals received from the parent node.

The basic principle of OTA-based transmission-timing alignment is that the IAB

node should set its DU transmission timing an amount Tprop ahead of the timing of signals

received from the parent node, where Tprop is the propagation time from the parent node

to the IAB node. In this way, the DU transmission timing of the IAB node is aligned with

the DU transmission timing of its parent node, in line with the general requirement of

aligned downlink transmission timing between cells. The task of OTA-based

transmission-timing alignment is thus equivalent to estimating the propagation time

between the IAB node and its parent node.

Fig. 24.9 illustrates the timing relation (transmit and receive timing) between the

DU and MT on each side of an IAB backhaul link (DU at the parent node and MT

MT TX at IAB node MT

DL RX at IAB node MT

UL RX at parent node DU

DL RX at parent node MT

,
·

,
·

Aligned

Fig. 24.8 Timing-mode case 7 –DU reception timing aligned withMT reception timing at parent node.
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at the child node). Given an offset TTA between the downlink reception timing and

uplink transmission timing at the child-node MT and an offset T△ between the uplink

reception timing and downlink transmission timing at the parent-node DU, one can see

that the propagation time can be estimated as bTprop ¼ TTA � T△ð Þ=2. Note that TTA is

the true offset between the transmission timing and reception timing at the MT, that is,

TTA will depend on the MT timing mode.

TTA is inherently known at the child node while T△ is known at the parent node. To

enable the child node to estimate the parent-to-child propagation time, and thus to

enable OTA-based timing alignment, the parent node can provide T△ to the child node

by means of MAC-CE signaling, that is, the same type of signaling that is providing, for

example, uplink time-alignment commands, see Section 15.2. The reason for providing

T△ by means of MAC-CE signaling instead of more reliable RRC signaling, is that the

RRC protocol is terminated at the donor node whileT△ originates at the parent node. In

case of multi-hop IAB, where the parent node may not be the same as the donor node,

the parent node would then need to first provide T△ to the donor node after which the

donor node would provide T△ to the child node by means of RRC signaling. By using

MAC-CE signaling, which terminates at the parent-node DU, the parent node can

directly provide T△ to the child node, leading to less signaling overhead and enabling

faster updates of T△.

24.5 DU/MT interaction

When the DU andMT of an IAB node are operating in the same frequency band (inband

backhauling) there is typically a need for some level of coordination, in terms of resource

usage, between the DU and the MT.

Especially, one typically needs coordination to avoid the “full-duplex” situation of

Fig. 24.10 in which transmissions to be received by the MT are severely interfered by

simultaneous DU transmissions, or vice versa.

It should be noted though that in some deployment scenarios there could be sufficient

antenna isolation between the IAB-node DU and MT to actually allow for the kind of

“full-duplex” DU/MT operation illustrated in Fig. 24.10. One such scenario could be

DU TX at parent

MT RX at child

DU TX MT RX

DU RX MT TX

Parent node Child node
MT TX at child

DU RX at parent

DU TX

DU RX

DU TX at child

∆

Fig. 24.9 Timing relations between parent-node DU and child-node MT.
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when an IAB node is used to provide outdoor-to-indoor coverage, with the MT part of

the IAB node located on the outside and the DU part located on the inside.

Fig. 24.10 illustrated a situation with simultaneous DU and MT operation in the

same transmission direction, that is, in the downlink direction (MT reception interfered

by DU transmission), or in the uplink direction (DU reception interfered by MT

transmission).

However, as illustrated in Fig. 24.11, one can also envision simultaneous DU andMT

operation in opposite transmission directions, that is, simultaneous DU and MT transmis-

sion in the downlink and uplink transmission directions respectively (left part of

Fig. 24.11) or simultaneous DU andMT reception in the uplink and downlink transmis-

sion directions respectively (right part of Fig. 24.11).

In the transmission scenarios illustrated in Fig. 24.11 there would not be the same kind

of extreme intra-node interference between the DU and the MT as in the “full-duplex”

scenario of Fig. 24.10. Rather, from an interference point-of-view one would just need

to ensure that the simultaneous DU and MT transmissions or receptions take place in

different resources. This could, for example, imply a separation in the frequency domain,

that is, the use of different resource blocks for the DU and MT, in 3GPP referred to as

FDM operation. Alternatively, there could be a separation in the spatial domain between

the DU and the MT, in 3GPP referred to as SDM operation. The DU and MT could,

for example, transmit or receive simultaneously on the same frequency resource but with

different antenna panels pointing in different directions, as illustrated in Fig. 24.12.

MT DU

To
parent

From devices and
child IAB nodes

MT-to-DU
interference

MT DU

From
parent

To devices and
child IAB nodes

DU-to-MT
interference

Fig. 24.10 MT reception being severely interfered by simultaneous DU transmission (left) and DU
reception being severely interfered by simultaneous MT transmission (right).

MT DU

From 
parent

From devices and
child IAB nodes

MT DU

To 
parent

To devices and
child IAB nodes

Simultaneous 
DU/MT transmission

Simultaneous 
DU/MT recep�on

Fig. 24.11 Simultaneous DU andMT transmission (left) and simultaneous DU andMT reception (right).
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Note that, in some sense, this can be seen as multi-user MIMO (MU-MIMO) between

MT and DU transmissions (left part of Fig. 24.12) or between MT and DU reception

(right part of Fig. 24.12).

This kind of FDM/SDM between the DU andMT parts of an IAB node would ben-

efit if the DU andMTwould operate in a time-aligned fashion, that is, with aligned trans-

mission timing in case of simultaneous DU and MT transmission, or aligned reception

timing in case of simultaneous DU andMT reception. This was the reason for the release-

17 introduction of the case-6 and case-7 timing modes as described in Section 24.4.With

the case-1 timing, which was the only supported timing mode in release 16, the DU and

MT transmission timings, as well as the DU andMT reception timings, are inherently not

aligned. However, the case-6 timing allows for an IAB node to directly align the timing

of its MT transmissions with the timing of the DU transmissions, thereby providing bet-

ter support for FDM/SDM between DU and MT transmissions. Likewise, the case-7

timing allows for an IAB node to adjust the MT transmission timing of a child node

to align the corresponding uplink reception (at the IAB nodes DU) with its MT recep-

tion, thereby providing better support for FDM/SDM between DU and MT reception

at the IAB node.

To conclude there is a need to provide means to coordinate the DU and MT

operation to be able to avoid collision between DU and MT transmissions/receptions.

At the same time, simultaneous DU and MT operation on different, and in some case

even on the same, resources should be possible when conditions so allow. Within

IAB, this is ensured by being able to separately configure the DU and MT for specific

transmission direction(s) and providing means to, for a given resource, prioritize either

the MT or DU.

24.5.1 MT resource configuration
In Chapter 7 it was described how, from a device point-of-view, time-domain

resources (OFDM symbols) can be configured/indicated as downlink, uplink or flexible,

MT 
transmission

IAB
node

Parent
node

Device

IAB
node

Parent
node

Device

MT 
recep�on

Fig. 24.12 DU/MT SDM on the transmitter side (left) and receiver side (right).
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limiting the direction in which the resource will be used by the network. The same is

true for the MT of an IAB node, that is, an MT time-domain resource can be con-

figured/indicated as

• Downlink (D), implying that the resource will only be used by the parent node in the

downlink direction (MT reception)

• Uplink (U), implying that the resource will only be used by the parent node in the

uplink direction (MT transmission)

• Flexible (F), implying that the resource may be used in both the downlink and uplink

directions (MT reception and transmission). The instantaneous transmission direction

is then determined by the parent-node scheduler in the same way as for devices, see

Section 7.8.3.

In the same way as for devices, this is done by a combination of common configuration by

means of system information (same configuration for devices and IAB-node MTs within a

cell), dedicated configuration on a per-MT basis by means of RRC signaling, and semi-

dynamic indication by means of SFI. One difference is that, while the dedicated D/F/U

configuration for devices only allows for patterns in the order D-F-U, the MT dedicated

configuration is extended to also allow for patterns in the orderU-F-D. The same is true for

the semi-dynamic configuration by means of SFI where, forMTs, the set of predefined slot

patterns has been extended to also include a set of formats with the order U-F-D.

The reason for these extensions is the possible use of simultaneous DU/MT operation

by means of SDM/FDM as described above. In that case the direction of the child link of

an IAB node, that is, downwards from the DU, will be the opposite of that of the parent

link of the same IAB node (upwards from the MT). Thus, if one link is operating in the

uplink (U) direction the other link should operate in the downlink (D) direction, and

vice versa. In other words, to match a D-F-U pattern on one link, a corresponding

U-F-D pattern is needed on the other link.

Note though that theMTD/U/F common configuration is the same as the common

configuration for devices, that is, limited to the order D-F-U. Furthermore, similar to the

dedicated configuration for devices, the dedicated MT configuration can only restrict

flexible resources in the common configuration but cannot change the configuration

for downlink and uplink resources. Consequently, the only way to have a true U-F-

D order of the MT resources is to provide an all-flexible common configuration. As

the common configuration is the same for IAB-node MTs and devices, this means that

also devices would need to operate with an all-flexible common configuration. Any

restrictions in the device configuration must then be provided by means of the dedicated

per-device configuration.

24.5.2 DU/MT flexible coordination
During the initial specification of IAB in release 16, it was typically assumed that DU and

MT operation was separated in time. Thus, there were no special considerations to the
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possibility for DU and MT separation by means of FDM or SDM. Rather, the focus was

on coordination tools by which time-domain resources could be flexibly shared between

the DU and MT.

However, for release-17, there was a renewed focus also on the possibility for FDMor

SDM between the DU and MT. One result of this was the introduction of timing-mode

case 6 and case 7 as described above. However, it also led to an extension of the coor-

dination tools to also cover flexible resource sharing between the DU and MT in the

frequency domain.

24.5.2.1 Time-domain coordination
Similar to the MT, DU time-domain resources (symbols) can be configured as

• downlink (D), implying that the DU can only use the resource in the downlink direc-

tion (DU transmission),

• uplink (U), implying that the DU can only use the resource in the uplink direction

(DU reception), or

• flexible (F), implying that the DU can use the resource in both the downlink (DU

transmission) and uplink (DU reception) direction.

Alternatively, a DU time-domain resource can be configured as Not Available, implying

that the DU should not use the resource at all.

In parallel to the D/U/F configuration and as a tool for more flexible resource sharing

between the DU and MT of an IAB node, release-16 allowed for DU time-domain

resources to be configured as Hard or Soft. In case of a hard configuration, the DU

can use the resource in the transmission direction or direction(s) allowed by the

D/U/F configuration without having to take into account the impact on theMTs ability

to transmit/receive according to its configuration and scheduling. In practice this implies

that, if a certain DU time-domain resource is configured as hard, the parent node must

assume that the IAB-nodeMTmay not be able to receive or transmit. Consequently, the

parent node should not schedule transmissions to/from the MT in this resource.

In contrast, in case of a DU time-domain resource configured as soft, the DU can use

the resource if and only if this does not impact the MTs ability to transmit/receive accord-

ing to its configuration and scheduling. This means that the parent node can schedule a

downlink transmission to the MT in the corresponding MT resource and assume that

the MT is able to receive the transmission. Similarly, the parent node can schedule MT

uplink transmission in the resource and assume that theMT can carry out the transmission.

The configuration of DU resources as hard or soft is done on a slot basis and per

resource type (D, U, and F). In other words, for each slot, the sets of DU resources con-

figured as downlink, uplink and flexible can independently be configured as hard or soft.

As an example, within a slot, resources configured as downlink (D) can be configured as

hard while resources configured as uplink (U) and flexible (F) can be configured as soft.
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The possibility to configure soft DU resources allows for more dynamic utilization of

DU resources. Take as an example a soft DU resource corresponding to an MT resource

configured as uplink (U). If the MT does not have a scheduling grant for that resource,

the IAB node knows that the MT will not have to transmit within the resource. Con-

sequently, the DU can dynamically use the resource, for example, for downlink trans-

mission, even if the IAB node is not capable of simultaneous DU and MT operation.

The possibility to configure soft DU resources also provides a possibility for an IAB

node to benefit from being able of simultaneous DU and MT operation. As described

above, whether or not a specific IAB node is capable of simultaneous DU and MT oper-

ation may depend on the IAB-node implementation and may also depend on the exact

deployment scenario. Thus, an IAB node designed or deployed so that it can support

simultaneous DU andMT operation can use a soft DU resource without the parent node

even knowing about it.

These situations, when an IAB node, by itself, can conclude that it can use a soft DU

resource has, in the 3GPP discussions, been referred to as implicit indication of availability of

soft DU resources. The parent node can also provide an explicit indication of availability of a

soft DU resource.

The explicit indication of availability of soft DU resources is done on a slot basis. It is

also done per DU resource type (D, U, or F). There are thus in total eight possible indi-

cations for a given slot, see Table 24.1.

Note that, even if a certain set of soft symbols are not explicitly indicated as available,

they can still be available according to implicit indication as described above. In some

sense one can see the explicit indication of availability of a soft DU resource as a way

for the parent node to indirectly inform the IAB node that it will not use theMT resource

corresponding to (overlapping with) the soft DU resource. From this, the IAB node can

conclude that the soft DU resource can be used without impacting the MT operation.

The indication of availability is provided to the IAB node in a semi-dynamic way by

the IAB node first being configured with a table of availability combinations. The parent

node then indicates a certain availability combination by means of DCI.

Table 24.1 Different types of availability of soft resources of a slot.

Availability indication Availability

0 No soft symbols indicated as available

1 Only downlink (D) soft symbols indicated as available

2 Only uplink (U) soft symbols indicated as available

3 Only flexible (F) symbols indicated as available

4 Only downlink (D) and uplink (U) soft symbols indicated as available

5 Only downlink (D) and flexible (F) soft symbols indicated as available

6 Only uplink (U) and flexible (F) soft symbols indicated as available

7 All soft symbols (D, U, and F)) indicated as available
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Each availability combination within the table of availability combinations corre-

sponds to a sequence of availabilities, where each availability (taking one of the eight

values of Table 24.1) corresponds to a given slot in a sequence of slots. Furthermore, each

availability combination within the table of availability combinations is associated with an

availability-combination index. The semi-dynamic indication of availability is then done by

the parent providing the index of one of the availability combinations, that is, one of the

rows of the table of availability combinations, by means of a new DCI format 2_5.

The DCI format 2_5 has the same size as, for example, DCI format 2_0, implying that

no additional blind decodings are needed to detect DCI format 2_5. It is encoded with a

special AI-RNTI which is provided to the IAB node as part of the IAB-node initial

configuration.

Fig. 24.13 shows an example of explicit indication where each availability combina-

tion covers eight slots. A DCI of format 2_5 indicating index 3 points to the fourth row of

the table of availability combinations. This provides the explicit indication of availability

over eight slots as indicated in the lower part of the figure. Note that the figure ignores

that availability may also be implicitly indicated, that is, it assumes that the availability of a

soft resource is only determined by the explicit indication of availability provided by the

parent by means of DCI Format 2_5.

The IAB specifications allow for the table of availability combinations to consist of up

to 512 availability combinations. Each availability combination can then correspond to

the resource availability of up to 256 consecutive slots (eight slots assumed in Fig. 24.13).

Index Availability-indica�on combina�ons
0 0 0 0 0 0 0 0 0
1 7 7 7 7 7 7 7 7
2 0 1 0 1 0 1 0 1
3 0 1 0 5 0 2 0 1
4 0 2 0 2 0 2 0 2
5 1 2 1 2 1 2 1 2
6 1 1 1 1 1 1 1 1
⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮

AI-RNTI
Index = 3

None D None D+F None U None D
Slot n Slot n+1 Slot n+2 Slot n+3 Slot n+4 Slot n+5 Slot n+6 Slot n+7

Table of availability indications

DCI (format 2_5)

Resource types available

Fig. 24.13 Explicit indication of availability of soft resources of based on a configured table of
availability combinations together with an availability-combination index provided in DCI.
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Also note that, in practice, a DUmay create more than cell. The DCI format 2_5 will

then provide multiple indices or pointers, one for each DU cell.

24.5.2.2 Frequency-domain coordination
As part of release 17, the hard/soft configuration of DU resources was extended to the

frequency domain in order to allow for flexible resource sharing also in the case of FDM

between the DU and MT. This was done by dividing the carrier into resource-block sets

(RB sets) each consisting of a set of consecutive resource blocks. The bandwidth of

an RB set is configurable from as small as 360kHz (two resource blocks at a sub-carrier

spacing of 15kHz) to as large as�184MHz (64 resource blocks with a subcarrier spacing

of 240kHz).

For a given slot, each RB set can be separately configured as hard, soft, or not-available,

over-riding the per-slot configuration. Similar to the per-slot configuration, the per-RB

configuration is done separately for the different resource types, that is, separately for

downlink, uplink, or flexible symbols. If an RB set is not provided with a hard/soft con-

figuration, the per-slot configuration is assumed for the RB set.

The interpretation of hard and soft RB sets is the same as for slots, that is,

• Resource blocks in RB sets configured as hard can be used by the DU without it hav-

ing to take into account the impact to the MT operation

• Resource blocks in RB sets configured as soft can be used by the DU only if this does

not impact the MTs ability to transmit/receive according to its configuration and

scheduling.

Similar to slots, the availability of RB sets configured as soft can be implicitly indicated,

that is, the DU by itself concludes that it can use the soft resource, or explicitly indicated.

The explicit indication is enabled by a straightforward extension of the release-16 avail-

ability indication described above. For release 16, an indication of availability for a given

slot implied that soft symbols within the slot were available. With the release-17 exten-

sions, an indication of availability for a given slot implies that RB sets configured as soft

are available. Similar to the per-slot indication in release 16, the availability indication is

done per DU resource type (D, U, or F), compare Table 24.1. Thus, as an example, an

indication of availability could indicate that, in a given slot, the RB sets configured as soft

within symbols configured as D (downlink) are available (this would correspond the

Availability Indicator¼1 in Table 24.1).

24.6 IAB mobility

Inmost cases there is no need for IAB-nodemobility, that is, an IAB node can be assumed

to be stationary and remain under the same parent node which could be either a donor

node or another IAB node in case of multi-hop IAB. However, one may envision
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scenarios where it could be beneficial with non-stationary IAB nodes, for example, to

allow for IAB nodes onboard moving vehicles such as buses or trains.

The MT part of an IAB node very much behaves like a device, that is, an MT can

move within a cell of a parent node and handover to a cell of a different parent node

essentially as a “normal” device. IAB-node mobility is rather limited by the IAB archi-

tecture based on the CU/DU split and with the DU of an IAB node connecting to the

CU of the donor node by means of the F1 interface, possibly via one or multiple IAB

nodes in case of multi-hop.

In general, the F1 interface, which was specified in release 15 in a non-IAB context,

does not support the change of CU-DU relation, that is, a DU can be activated under a

given CU but will then remain under that CU until it is de-activated. For this reason,

IAB-node mobility in release 16 was limited to intra-CU mobility. In other words,

an IAB node could move between DUs of the same CU but could not move into an

area covered by a different CU, see Fig. 24.14. The change of DU under the same

CU would consist of a handover of the MT to the new DU, essentially like a device

handover, together with an update of the BAP routing tables in any intermediate IAB

nodes if present (not illustrated in Fig. 24.14).

To enable an IAB node to connect via a parent node DU under a different CU,

release 17 introduced the possibility for tunneling of the F1 interface as illustrated in

Fig. 24.15. In this case, the MT of the migrating IAB node is handover to the

new CU/DU implying, for example, that the RRC protocol of the IAB-node MT is

terminated in CU2. However, the DU of the IAB node remains connected to CU1, with

DU

MT

DU

MT

DU DU

CU1

DU DU
CU2

DU

MTSupported
Not supported

Fig. 24.14 Release 16 support for intra-CU mobility only.
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CU1

DU

CU2

DU

MT

Fig. 24.15 Inter-CU mobility by means of tunneling (release 17).
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the F1 interface being tunneled via the donor node of CU2. As a consequence, devices

and potential child IAB nodes that connect via the migrating IAB node will also logically

remain under CU1.

Although allowing for a certain degree of inter-CU mobility, the release-17 solution

of Fig. 24.15 is limited in the sense that it requires that the two CUs have a direct Xn

interface between them. Release 18 therefore introduced a more general solution for

inter-CU mobility as part of a work item on mobile IAB [132].

As already mentioned, the fundamental problem of inter-CU mobility for an IAB

node is that the F1 specification does not support the change of CU for an active

DU. The release-18 solution goes around this limitation by activating a new DU within

the mobile IAB node, with the new DU being under the new/target CU, see Fig. 24.16.

The new DU (DUB in Fig. 24.16) creates new cells and the devices under the cell(s) of

the old DU (DUA) are handed over to the corresponding cell(s) of DUB by means of

intra-frequency handover. Once the handovers have been executed, DUA is de-activated

and the change of CU is complete.

24.7 Network-controlled repeaters

An IAB node is a type of decode-and-forward relay, that is, data received on the backhaul link

is demodulated/decoded and re-encoded/remodulate before forwarded on the access link

and vice versa. A less complex alternative to decode-and-forwarding is amplify-and-forward-

ing, often referred to as a repeater. As the name suggests, amplify-and-forwarding implies

that the received signal is just amplified, that is, without any demodulation/decoding

and corresponding re-encoding/remodulation, before forwarding.

A classical repeater is “dumb” in the sense that it does not have any knowledge about

the signal to be forwarded, including the intended ultimate receiver. Thus, it typically

applies a certain gain, alternatively a certain fixed transmit power, without considering

the transmit power actually needed to reach the target receiver. It also forwards what-

ever signal it receives, regardless of if the target device is really within the coverage of

the repeater. Finally, there is no way to apply beam forming to the signal to be forwarded.

The latter is true also in the uplink direction, that is, there is no way to apply receiver side

beam forming to focus the repeater reception in the direction of a transmitting device.

DUA

MT

DU

MT

DU DU

CU1

DU

CU2

DU

MT

DUB

Fig. 24.16 Release-18 inter-CU mobility.
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For these reasons, and as a less complex complement to IAB, 3GPP release 18 intro-

duced support for so-called network-controlled repeaters (NCRs).

A network-controlled repeater consists of two parts, see also Fig. 24.17,

• A bi-directional forwarding part, in the specifications referred to asNCR-Fwd. This is,

essentially, an amplify-and-forward relay with possibility for selective forwarding and

controllable beam forming on the access link.

• A controller part, in the specifications referred to asNCR-MT, by means of which the

network can control the forwarding part and, especially, control the beam forming

applied on the access link.

Although in the more general case, a repeater can also apply frequency-translation, 3GPP

NCR is currently limited to inband repeating where the backhaul link and the access link

operate on the same carrier frequency. Furthermore, release-18NCRonly supports single-

hop repetition, that is, not the cascading of multiple network-controlled repeaters. Finally,

there is an assumption that the control link operates on the same frequency as the backhaul

link or, if the NCR supports forwarding of multiple carriers, on one of these carriers.

24.7.1 NCR transmission timing
In terms of transmission timing, there are no specific timing relations for the forwarding

part of the NCR. Rather, the NCR simply forwards the received signal with a minimum

delay in both the downlink and uplink directions and will, to the base station, just appear

as a small additional propagation delay. The uplink transmission timing of the NCR-MT

is controlled by the network in the same way as the uplink transmission timing of a

device, see Section 15.2.

NCR-Fwd

NCR-MT

NCR

Control link

Backhaul link

Control
link

Backhaul
link

Access
link

Fig. 24.17 Network-controlled repeater.
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24.7.2 NCR beam management and access-link beam indication
In general, an NCR is transparent to a device. This implies that, in terms of beam form-

ing, a device sees a cell with a set of beams without being able to distinguish between

beams generated at the cell site and beams generated by theNCR, see Fig. 24.18. In prac-

tice, a subset of these beams originates at the actual cell site (beam 0-11 in Fig. 24.18)

while another subset originates at the NCR (beam 12-15). The base station communi-

cates via the NCR forwarding part, as well with the NCR-MT, using one of the base-

station-originating beams with the NCR typically using a corresponding receiver beam.

Beam-management, that is, the selection of a suitable beam pair, for the backhaul/

control links is done in the same way as beam management for device, see

Chapter 12. Note that it can typically be assumed that the same beam pair can be used

for the control and backhaul links.

The key feature of an NCR is the access-link beam management, that is, the means by

which the network, via the NCR-MT, controls what beam should be used on the access

link for a given time-domain resource. That beam will then be used for downlink access-

link transmission if the time resource has been configured as a downlink resource or for

uplink access-link reception if the time resource has been configured as an uplink

resource.

The access-link beam indication can be done by three different means that can be used

in parallel, periodic beam indication, semi-persistent beam indication, and aperiodic beam

indication.e

24.7.2.1 Periodic beam indication
In case of periodic beam indication, the NCR can be configured with one or multiple

periodic patterns where each pattern consists of a set of time-domain resources and each

time-domain resource is associated with a specific beam index referring to one of the

beams on the NCR access link, see Fig. 24.19. The periodicity of the pattern can range

Beam m NCR

Fig. 24.18 NCR beam forming.

e Note that the NCR “beam indication” discussed here is different from the “beam indication” by means of

TCI states discussed in Chapter 12.
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from as short as 1ms to as long as 10 s and each beam index can indicate one out of up to

64 different beams. Note that, in most cases, an NCR will support significantly less than

64 beams on the access link.

Each time-domain resource can start at an arbitrary symbol within the period (con-

figured as a certain slot offset and a certain symbol offset within the slot) and can have a

length of up to 112 symbols.

One use of periodic beam indication is for common signals with a specific periodicity,

for example, SSBs to be broadcast in different beams in the downlink and RACH occa-

sions with corresponding receiver-side beam forming in the uplink.

In principle, different simultaneously configured periodic patterns could be partly

overlapping, that is, include overlapping time-domain resources. However, the specifi-

cation states that, in such cases, those time-domain resource should correspond to the

same beam index.

24.7.2.2 Semi-persistent beam indication
Semi-persistent beam indication is very similar to periodic beam indication in that a peri-

odic pattern of time-domain resources with corresponding beam indices are configured

exactly as for periodic beam indication. The only difference is that semi-persistent beam

indication can be activated and de-activated by means of MAC CE signaling to the

NCR-MT, see Fig. 24.20 as an illustration.

24.7.2.3 Aperiodic beam indication
In case of aperiodic beam indication, an NCR is first configured with a set of time-

domain resources, where each time-domain resource is defined by a relative symbol-level

start position and a certain duration (up to 28 symbols).

By means of a new DCI format (DCI 5_0) provided to the NCR-MT, the network

can then indicate a subset of the configured time-domain resources, with each indicated

resource having an associated beam index. DCI 5_0 also includes a time offset that defines

the reference point for time-domain resources identified by the DCI.

B1 B2 B3 B1 B2 B3 B1 B2 B3 B1 B2 B3

Ac�va�on De-ac�va�on

Fig. 24.20 Semi-persistent beam indication.

B1 B2 B3 B1 B2 B3 B1 B2 B3 B1 B2 B3

B1 B1

Period pa�ern 1

Period pa�ern 2

Pa�ern 1

Pa�ern 2

Fig. 24.19 Periodic bean indication.
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If there is an overlap between time-domain resources of configured periodic indica-

tion/active semi-persistent beam indication and time-domain resources indicated by

DCI 5_0 the configured indications (periodic/semi-persistent) can be explicitly config-

ured to have priority over the dynamic indications. If not explicitly indicated, the ape-

riodic indication has priority.

24.7.3 Selective forwarding
Forwarding by the NCR-Fwd is by default disabled and only carried out if the corre-

sponding time-domain resource is explicitly associated with a beam by means of the peri-

odic, semi-periodic or aperiodic beam indication described above. This means that

selective forwarding, that is, forwarding only when there is something to forward, is

inherently supported by means of the NCR beam-indication functionality.
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CHAPTER 25

Non-terrestrial NR access

A non-terrestrial network or NTN is a wireless-communication network with air/space-

borne network nodes carrying equipment, also referred to payloads, providing wireless

access to devices on the ground.a As illustrated in Fig. 25.1, the air/space-borne nodes

could, for example, be satellites, high-altitude platforms (HAPs) or lower-altitude

drones.b However, within 3GPP the use of the term NTN has been limited to satellites

and HAPs.

The main reason for introducing support for non-terrestrial network nodes comple-

menting the ground-based/terrestrial network infra-structure is that it may be a more

cost-efficient way, and in some cases the only way, to provide wireless coverage in some

scenarios, for example, in extreme rural areas or at sea. One could of course use

completely different wireless-access technologies for the terrestrial and non-terrestrial

access. However, there are obvious benefits in terms of economy-of-scale, especially

on the device side, if one can extend the terrestrial radio-access technology, in this case

NR, to also support access via non-terrestrial network nodes.

3GPP work on NR-based non-terrestrial access started in 2017 with a study item on

NTN scenarios and channel models [80]. This was followed by a second study item on Solu-

tions for NTN [130]. Actual specification to enable NR support for non-terrestrial access

was then included as part of 3GPP release 17. Although the 3GPP work on NTN has

targeted both satellites and HAPs, the main focus has been on satellite-based NTN.

The reason for this is that support for satellite-based NTN was assumed to require more

extensive extensions to the NR specifications and that, with such extensions, HAP-based

NTN would be inherently supported as well. Thus, below we will mainly discuss NTN

from the point-of-view of satellite-based payloads.

25.1 Satellite basics

Before discussing the NR extensions targeting non-terrestrial networks, we will first dis-

cuss some more general aspects of satellites and satellite-based communication.

a Note that, in NTN terminology, the term “payload” is used for the communication equipment/

functionality within the NTN node, for example, within a satellite.
b Instead of HAP, one sometimes also use the termHAPS (high-altitude platform station/system). Another term,

specifically in the context of IMT technology, is HIBS (high-altitude IMT base station).
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25.1.1 Satellite orbits and their characteristics
Satellites can orbit the earth at vastly different altitudes, ranging from a couple of 100km

to several 10,000km. Furthermore, satellite orbits may be circular or elliptical and may

also have different inclinations, that is, different angles relative to the equator, see Fig. 25.2.

In terms of altitude, the 3GPP work on NTN has focused on satellites in geo-stationary

orbit (GSO satellites) and satellites in low-earth orbit (LEO satellites), see also Fig. 25.3.

A GSO satellite, sometimes also referred to as a GEO (Geo-stationary Equatorial Orbit)

satellite, has a circular orbit aligned with the equator and with an altitude of 35,786km. In

such an orbit, the speed of the satellite matches the rotation of the earth around its own

axis. A GSO satellite will therefore be stationary relative to the surface of the earth, hence

the term “geo-stationary”.

A LEO satellite orbits the earth at a significantly lower altitude, normally assumed to

be between 500km and 2000km. The orbit of a LEO satellite may be circular or ellip-

tical. It may also have different inclinations, that is, the orbit of a LEO satellite does not

have to be aligned with the equator.

Circular orbit Elliptical orbit Orbit not aligned
with the equator

Fig. 25.2 Circular and elliptical satellite orbits and satellite orbits not aligned with the equator.

100 m

1 km

10 km

100 km

1000 km

500 km and above

8 km – 50 km 

A few 100 m

10000 km

Fig. 25.1 Different types of NTN nodes and their rough altitudes.
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The benefit of a GSO satellite is that it is stationary relative to the surface of the earth.

Thus, as seen from the surface, the position of a GSO satellite and its coverage area will

appear stationary, that is, will not vary in time. However, this comes at the expense of a

large propagation distance and corresponding very large propagation time. The maxi-

mum satellite-to-device distance for a GSO satellite is in the order of 40,000km, corre-

sponding to a one-way (satellite-to-device) propagation time of more than 130ms.c The

large propagation distance also implies a relatively high path loss in case of GSO satellites.

In contrast, a LEO satellite is associated with a much shorter satellite-to-device dis-

tance leading to smaller propagation time and less path loss. Note though that the prop-

agation time will still by much larger than what will be experienced in conventional

terrestrial networks. As an example, assuming a satellite altitude of 700km, the maximum

satellite-to-device distance may exceed 2000km, corresponding to a one-way propaga-

tion time of around 7ms.

However, the main drawback of LEO satellites is that the satellite will move rapidly

relative to the surface of the earth. This means that, even for stationary devices, there will

be a very high, and rapidly varying, Doppler shift of the communication signal as well as a

need to regularly switch the satellite via which the device is communicating. Also, even if

one is only to cover a specific limited surface area, a large number of LEO satellites is still

needed as each satellite will only cover the target area for a limited time.

It should be noted that the satellite channel is typically line-of-sight and thus the

movement of the satellite will mainly cause a Doppler shift of the communication signal.

This is in contrast to terrestrial networks for which the channel is typically non-line-of-

sight and movements of the device or within the environment mainly cause a Doppler

spread of the signal.

Low-earth orbit (LEO)
500-2000 km Geo-stationary orbit (GSO)

35786 km

Fig. 25.3 Geo-stationary orbit vs low-earth orbit.

c Note that the maximum satellite-to-device distance exceeds the altitude of the satellite orbit as the satellite

is normally not located directly above the device. This difference between altitude and maximum satellite-

to-device distance is even more pronounced for lower-orbit satellites.
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25.1.2 Ephemeris data and Keplerian elements
The traditional way to describe a satellite orbit, also referred to as Ephemeris data, is by

means of so called Keplerian elements. The set of Keplerian elements consists of six param-

eters that jointly provide information about the position and speed of an orbiting body,

see also Fig. 25.4.

Two parameters describe the shape of the, in general, elliptical orbit

• The eccentricity of the orbit (zero for circular orbits)

• The length of the semi-major axis of the orbit (equals the radius for a circular orbit)

Three additional parameters specify the orientation of the orbit relative to a reference

plane which, in case of satellites orbiting the earth, corresponds to a plane through

the equator with a well-defined reference direction.

• The inclination describes the angle between the reference plane and the plane of

the orbit

• The longitude of the ascending node (denoted Ω in Fig. 25.4) describes the orientation of

the orbit around an axis perpendicular to the reference plane

• The argument of periapsis (denoted ω in Fig. 25.4) describes the orientation of the orbit

in the plane of the orbit, in practice the direction (in the plane of the orbit) towards

which the semi-major axis is pointing.

Jointly these five parameters fully describe the orbit of the satellite. The sixth parameter,

the angular parameter υ in Fig. 25.4, gives the instantaneous position of the satellite

within this orbit at a given time instant often referred to as the “epoch”. In principle,

knowledge about the Keplerian elements makes it possible to determine the satellite posi-

tion at any future time.

25.1.3 Transparent vs regenerative payloads
Fig. 25.5 illustrates the different types of links in a non-terrestrial network.

Fig. 25.4 Keplerian elements.
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• The service link is the link between a satellite and a device

• The feeder link is the link between a satellite and a ground station

In addition, there may be inter-satellite links that provide connectivity between satellites.

Such inter-satellite connectivity is needed, for example, when a satellite does not have

direct line-of-sight to its ground station.

For communication via satellites, one distinguishes between transparent payloads,

sometimes also referred to as a bent pipe, and regenerative payloads.

In case of a transparent payload, the satellite essentially operates as an amplify-and-

forward repeater, that is, it amplifies and, in some cases, frequency translates the signal

received on the feeder link before transmitting it on the service link, and similarly in

the opposite direction. Note that, in case of transparent payload, the feeder link inher-

ently relies on the same basic air-interface technology as the service link, except that it

may operate on a special feeder-link frequency.

On the other hand, in case of a regenerative payload the satellite operates more like a

decode-and-forward relay. In the 3GPP context this has often be described as having “the

gNB onboard the satellite” although one can clearly envision alternative splits where

parts of the gNB functionality remain on the ground.

At least in principle, in case of a regenerative payload the feeder and service links can

be based on completely different air-interface technologies. In the 3GPP context the ser-

vice link would be based on the normal gNB-to-UE interface (the Uu interface) while

the feeder link could be based on the same technology or a different technology. Note

that this is similar to conventional wireless-backhaul solutions where the backhaul link

can be based on the same technology as the access link, as is the case, for example, for IAB

(Chapter 24), or a different backhaul-specific technology such as mini-link [131]. Note

that, although Figs. 25.5 and 25.6 assume a satellite-based NTN, the same basic

figures and related discussions are applicable also for HAP-based NTN.

3GPP initially considered both transparent and regenerative payloads for NTN.

However, release-17 eventually focused on transparent payload with regenerative

Ground station

Inter-satellite link

Fig. 25.5 Different links in a non-terrestrial (satellite-based) network.
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payload potentially to be considered for later releases. It should be noted that, from a

device point-of-view, there is no real difference between transparent and regenerative

payload.

25.1.4 Fixed beams vs steerable beams
A satellite typically covers its target surface area with a relatively large number of beams.

For GSO satellites these beams are obviously stationary, that is, each beam, covers a spe-

cific area. In case of LEO satellites and, more generally, satellites that are non-stationary

relative to the surface of the earth, there are two alternatives, see also Fig. 25.7.

• The satellite has a set of fixed beams in which case the beam footprint (the area covered

by each beam) continuously moves in line with the movement of the satellite

• The satellite has a set of steerable beams that are controlled in such a way that the beam

footprint remains (approximately) fixed on the surface as long as the satellite remains

within range. When the satellite beam can no longer reach its target area, it is adjusted

to cover a new area. At the same time, a new emerging satellite must take over the

coverage of the area previously covered by the “disappearing” satellite.

Note that Fig. 25.7 illustrates only a single beam out of, typically, a large number of beams

generated by each satellite.

Although both fixed beams and steerable beams are possible, the second alternative,

that is, steerable beams, is typically assumed for satellite-based NTN, as this makes mobil-

ity within an NTN (see further Section 25.2.5) somewhat less complex.

Fig. 25.7 Fixed beam with moving footprint vs steerable beam with fixed footprint.

daolyap evitarenegeRdaolyap tnerapsnarT

“Amplify-and-forward” “Decode-and-forward”

Fig. 25.6 Transparent vs. regenerative payload.
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25.2 NR-based NTN

The extensions needed to the NR air-interface specifications to also support NTN-based

access are relatively minor and primarily deals with functionality to handle

• The large propagation time, especially for GSO satellites

• The rapid movement of the satellite relative to the device (for LEO satellites)

25.2.1 Spectrum for NTN
Like 3GPP specifications in general, the NTN-related features in 3GPP are mainly

spectrum agnostic. At the same time, assumptions on potential spectrum can often impact

specific detailed solutions.

During the study items, 3GPP considered both frequencies below 6GHz and mm-

wave frequencies for the satellite-device link. However, due to time limitations, 3GPP

eventually decided to focus release 17 on lower frequency bands and postponing any fea-

tures specifically targeting operation in higher bands to later releases (see also

Section 25.3). Eventually, release 15 specified two frequency bands for the service

(satellite-device) link:

• 1626.5–1660.5MHz (uplink)/1525–1559MHz (downlink)

• 1980–2010MHz (uplink)/2170–2200MHz (downlink)

Note that the large propagation time associated with satellite-based NTN makes the use

of time-division duplex essentially impossible due to the need for extreme guard times.

Therefore, FDD operation, that is, frequency separation between the satellite-to-device

and device-to-satellite links, is generally assumed for satellite-based NTN.

25.2.2 Extensions to uplink/downlink time alignment
As described in Section 15.2, uplink/downlink time alignment, that is, the timing offset

TTA between the start of an uplink slot n and the start of the corresponding downlink

slot n is given by

TTA ¼ NTA + NTA,offset

� � � Tc (25.1)

where

• NTA,offset is a cell-specific offset provided by the network

• NTA is a device-specific offset based on timing-advance commands provided by the

network

• Tc is the basic time unit, see Section 7.1

Especially, for initial random accessNTA¼0 and the timing of the uplink PRACH/pre-

amble transmission has a fixed offset NTA,offset relative to the downlink reception timing,

with no considerations to the propagation time between the network and the device. As a

consequence, the network receiver must “search” for preamble transmissions within a
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window corresponding to twice the maximum base-station-to-device propagation time.

There must also be a sufficiently large guard time to ensure that preamble transmissions

do not collide with other transmissions.

In case of satellite communication, the propagation time is significantly larger than for

any terrestrial link. The propagation timewill also vary significantly depending on the exact

position of the satellite relative to the device. To handle this, the device is assumed to esti-

mate and pre-compensate for the propagation time between the device and the satellite.

In addition to the satellite-to-device propagation time there will, in case of transpar-

ent payload, be an additional component of the overall propagation time due to the

satellite-to-ground-station link. This propagation time is the same for all devices con-

nected via the satellite but is constantly changing due to the satellite movement. To

enable the device to compensate also for this propagation time, an additional term is

added to the overall time-alignment expression.

Thus, for NTN, the uplink/downlink time alignment, that is, the timing offset

between uplink transmission and downlink reception at the device, is given by

TTA ¼ NTA + NTA,offset + Ncommon
TA,adj + NUE

TA,adj

� �
� Tc (25.2)

where

• NTA and NTA,offset are the same as for expression (25.1) above

• NTA,adj
common is the compensation for the satellite-to-ground-station propagation time

• NTA,adj
UE is the device-calculated compensation based on estimates of the satellite-to-

device propagation time

As the satellite-to-ground-station distance is continuously changing, NTA,adj
common is not

provided explicitly to the device. Rather, it assumed that the one-way ground-station-

to-satellite propagation time Tgs varies in time according to a second-degree polynomial,

that is,

Tgs ¼ A + B � t � toð Þ + C � t � toð Þ2 (25.3)

Instead of directly providing NTA,adj
common, which varies continuously and thus continu-

ously have to be updated, the parameters A, B and C (in the specifications referred to

as TACommon, TACommonDrift and TACommonDriftVariant respectively) are provided to the

device together with the time t0. The compensation NTA,adj
common is then calculated as

Ncommon
TA,adj ¼ Tgs=Tc

For regenerative payload, where the reference point for the timing is at the satellite

rather than at the ground station, NTA,adj
common should be set to zero.

Regarding NTA,adj
UE , to enable estimation of the satellite-to-device propagation time,

information about the instantaneous satellite orbit, that is, Ephemeris data, is broadcast as

part of NTN-specific system information provided within a new system-information
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block (SIB19). The specification allows for this information to be provided in two dif-

ferent formats

• As Keplerian elements, see Section 25.1.2

• As standard cartesian (x, y, z) coordinates and corresponding velocity components

(vx, vy, vz)
d

This broadcast Ephemeris data is updated regularly and SIB19 also includes the exact time

instant for which the information is valid. Based on this, the device can, at least in prin-

ciple, estimate the exact satellite position at any future time.

To estimate the satellite-to-device propagation distance/time, a device also needs to

know its own position. Thus, at least for current 3GPP releases, devices that support

access via satellite-based NTN are assumed to support self-positioning based on GNSS.

In addition to estimating and compensating for the satellite-to-device propagation

time, the device is also assumed to estimate and compensate for the varying Doppler-shift

due to the satellite movement relative to the device. The Doppler shift can also be

estimated from the Ephemeris data broadcast by the satellite as this does not only enable

the device to calculate the instantaneous satellite location but also the instantaneous

satellite velocity.

In contrast, any Doppler shift due to the satellite movement relative to the ground sta-

tion is assumed to be handled internally within the networkwith no visibility to the device.

25.2.3 Timing relations between downlink and uplink transmission
For NR there are several specified timing relations that determine in which slot a certain

uplink transmission should take place, given the slot in which a corresponding downlink

transmission is received. This includes, for example,

• the DCI-to-PUSCH timing relation that determines the uplink slot within which a

dynamically scheduled PUSCH is to be transmitted, given the downlink slot in which

the corresponding scheduling grant (on DCI) is received. As described in

Section 10.1.5, this is given by a slot offset, in the specifications referred to as K2,

in the range 0 to 32 slots provided as part of the scheduling grant.

• the PDSCH-to-HARQ-feedback timing relation that determines the uplink slot

within which Hybrid-ARQ feedback is to be transmitted, given the downlink slot

in which the corresponding PDSCH is received. As described in Section 13.1.4, this

is given by another slot offset, in this case referred to asK1, provided as part of the DCI

carrying the scheduling assignment for the PDSCH transmission.

• The timingof aperiodic SRS transmissions that determines inwhichuplink slot the SRS

transmission is to take place, given the slot in which the triggering DCI is received

d Note that, in contrast to the Keplerian elements, (x,y,z) coordinates can also be used to describe the

position of, for example, a HAPs.
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In general, these relations identify an uplink slot within which transmission is to take

place relative to a corresponding downlink slot carrying information about the uplink

slot. There is then obviously an implicit assumption that the downlink slot is received

by the device before the corresponding uplink slot is to be transmitted by the device.

For terrestrial networks, the propagation time between the base station and a UE is

typically limited to a few 100 μs at most (and even less for higher numerologies at higher

frequencies, due to shorter range at such frequencies). As a consequence, the DL/UL

timing dis-alignment, that is, the difference in transmission timing of a specific uplink

slot and the corresponding downlink slot, is limited to, at most, a few slots and is, in most

cases, less than a slot, see upper part of Fig. 25.8.

However, in case of a satellite-based NTN, the propagation time is much larger, lead-

ing to a very large timing dis-alignment between an uplink slot n and the corresponding

downlink slot n, see lower part of Fig. 25.8.e As a consequence, the tools provided in

earlier releases to specify a certain uplink/downlink timing relation are not sufficient

for the case of NTN. As an example, a scheduling grant received in downlink slot n

can schedule uplink transmissions in an uplink slot in the range n to n+32 depending

on the slot offset (K2) provided in the scheduling grant. This is obviously insufficient

in the case when the dis-alignment between the uplink and downlink exceeds 32 slots.

Taking into account the required processing time in the device, it is clear that this is in

many cases insufficient for satellite-based NTN.

For this reason, release 17 introduced an additional offset Koffset to the above timing

relations. Thus, as an example, instead of the HARQ feedback being transmitted in slot

number n+K1, whereK1 is the slot offset signaled in the DCI, the HARQ feedback is to

slot n-1 slot n slot n+1

slot n-1 slot n slot n-1

Few 100 �s at most

slot n-1 slot n slot n+1

slot n-1 slot n slot n+1

Few 10 ms at least 

Terrestrial network

Non-terrestrial network

Downlink at device

Uplink at device

Downlink at device

Uplink at device

Fig. 25.8 DL/UL time alignment for terrestrial network (upper part) vs satellite-based non-terrestrial
network (lower part).

e Note that there is an implicit assumption that downlink slot n is essentially time aligned with uplink slot n

at the gNB.
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be transmitted in slot n+Koffset+K1, and similar for the other timing relations. Koffset is

provided as part of the NTN-related system information (SIB19) and its maximum value

is 1024 slots. Assuming 15kHz numerology, this is sufficient to cover total round-trip

time of roughly 1 s. Koffset should typically be set so that it matches the maximum prop-

agation time within the NTN cell, including the propagation over the feeder link in case

of transparent payload. There is also a possibility to configure Koffset on a per-device basis.

The parameter Koffset is introduced to handle the large dis-alignment between uplink

and downlink slots at the device side in case of satellite-based NTN. More specifically, it

ensures that the downlink/uplink timing relations are such that a device can receive a

downlink slot before the corresponding uplink slot is to be transmitted despite a large

dis-alignment between uplink and downlink slots. In addition to Koffset there is a second

parameter introduced in the NR specification to handle the large propagation time in

case of satellite-based NTN, more specifically its impact on the activation of configura-

tions provided by a MAC Control Element (MAC CE).

Before the network carries out downlink transmission according to a new configu-

ration provided bymeans ofMACCE it needs a confirmation that theMACCE has been

properly received by the device and that the corresponding configuration has been acti-

vated. Such confirmation is assumed to be provided by the reception of HARQ feedback

from the device indicating correct detection of the MAC CE.

According to release 15/16, if the device transmits HARQ feedback, related to the

reception of a MAC-CE, in an uplink slot n the device should activate the configuration

provided by the MACCE in downlink slot n+4.f It is then critical that the gNB receives

the HARQ feedback, that is, receives uplink slot n, before downlink slot n+4 is to be

transmitted. Otherwise, the gNB will not know if the MAC CE has been properly

received by the device, that is, will not know if the device has activated the configuration

provided by the MAC CE or not.

The timing relation between downlink and uplink slots at the gNB (the ground

station) will be determined by two parameters (see Eq. 25.2)

• The device-calculated parameter NTA,adj
UE compensating for the satellite-to-device

propagation time

• The parameter NTA,adj
common compensating for the ground-station-to-satellite

propagation time

If NTA,adj
common equals two times the ground-station-to-satellite propagation time, this prop-

agation time will be fully compensated for and uplink slot n and downlink slot n will be

f This assumes the same numerology for uplink and downlink, which can typically be assumed. In case

of the downlink numerology being different from that of the uplink, the expression will be more

complicated.
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essentially aligned at the gNB. In other words, uplink slot n will be received by the gNB

well before downlink slot n+4 occurs at the gNB.

However, there may be cases when, for some reason, the network is operating with a

different timing advance, in practice with a different value for NTA,adj
common. In the extreme

case, with NTA,adj
common¼0, the timing advance will only compensate for the satellite-to-

device propagation time in which case uplink slot n and downlink slot n will be aligned

at the satellite. Assuming a transparent payload with the gNB at the ground station, down-

link slot n+4 may then occur at the gNB long before uplink slot n is received.

To handle this situation, the parameterKmac has been introduced.Kmac simply changes

the time instant when the configuration provided by theMACCE is to be activated from

slot n+4 to slot n+4+Kmac, where Kmac should be set so that uplink slot n is received at

the gNB well before downlink slot n+4+Kmac occurs. Similar to Koffset, Kmac is provided

as part of the NTN-related system information in SIB19.

In the “worst” case (NTA,adj
common¼0), the value ofKmac should be set to twice the ground-

station-to-satellite propagation time. This should be compared to Koffset which should be

set to twice the sum of the ground-station-to-satellite propagation time and the satellite-

to-device propagation time. For this reason, the maximum value of Kmac is 512 slots, that

is, half that of Koffset.

Fig. 25.9 illustrates the two cases above, that is the case when the downlink and uplink

are aligned at the gNB (at the ground station for transparent payload) and Kmac is not

needed (upper part of Fig. 25.9) vs. the case when the downlink and uplink are not

aligned at the gNB and Kmac is needed (lower part of Fig. 25.9). The figure also illustrates

how the parameter Koffset ensures that downlink data is received before the HARQ feed-

back is to be transmitted by “pushing” the time of HARQ feedback an additional amount

Koffset forward.

Note that Kmac is only needed for transparent payload and then only in the case when

the parameter NTA,adj
common is not used to fully compensate for the ground-station-to-satellite

propagation time, that is, when uplink slot n and downlink slot n are not aligned at the

ground station. For regenerative payloads, NTA,adj
common should be set to zero and Kmac is

not needed.

25.2.4 HARQ operation and number of HARQ processes
Hybrid-ARQ is a key feature for good link performance, especially in situations with

unpredictable channel conditions. As described in Chapter 13, release 15/16 was limited

to 16 HARQ processes. This means that, if the HARQ round trip time exceeds 16 slots,

including processing time in the network and device, one cannot sustain continuous

transmission to or from a UE as one will run out of available HARQ processes. Obvi-

ously, for a satellite-based NTN, the round-trip time may far exceed this limit.
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DL and UL aligned at gNB (Kmac not needed)

DL and UL not aligned at gNB (Kmac needed)

Fig. 25.9 Situation when Kmac is not needed (upper figure) and when Kmac is needed (upper figure).
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To somewhat enhance the situation, release 17 introduced support for up to 32

HARQ processes by extending the HARQ-process indication from 4 bits to 5 bits

for both downlink and uplink. Assuming a slot length of 1ms (15kHz numerology), this

allows for an overall round-trip time, including any processing in network and device, of

up 32ms without running the risk of stalling HARQ.

In many cases of NTN, and especially for geo-stationary satellites, the overall round-

trip time is much larger than 32ms. One alternative is then to simply accept that the

HARQ will stall with a reduced overall link throughput as a consequence.

Another alternative is to operate without HARQ, something which is possible

already in NR release 15/16. In the downlink, this can be done by simply scheduling

new downlink data with the same HARQ process and a toggled NDI flag indicating

“new data”. However, release 17 NTN takes this further by introducing the possibility

to explicitly disable HARQ feedback, thereby avoiding the overhead of this feedback.

The possibility to disable HARQ feedback is configured on a HARQ-process basis, that

is, HARQ feedback can be disabled for certain HARQ processes while remain enabled

for other HARQ processes. In this way, full throughput can be retained while still ensur-

ing high reliability based on HARQ for more critical data. Also note that, for uplink data

transmission there is, in general, no explicit HARQ feedback as the request for retrans-

missions are implicit in the scheduling grant. Thus, operating without HARQ is straight-

forward already with release 15/16.

Obviously, operating without HARQ will have a negative impact on the basic link

performance as additional margins are needed in the link adaptation. However, the NTN

radio link is typically experiencing line-of-sight condition implying that the channel con-

ditions, even if not good, are still typically much more predictable, compared to the ter-

restrial case. This makes the need for HARQ less critical for NTN, compared to

conventional terrestrial networks.

25.2.5 Mobility in a non-terrestrial network
In Section 25.1.4 it was described how a satellite covers the earth with, typically, a large

set of beams. It was also described how these beams can be fixed, implying that the beam

footprint continuously moves in line with the movement of the satellite. However, a

more common case is steerable beams that are controlled in such a way that the beam

footprint remains at least approximately fixed on the surface as long as the satellite remains

within range.

Similar to the terrestrial infrastructure, a satellite creates one or multiple cells by

means of which devices access the network. Each such cell may correspond to a single

satellite beam. Alternatively, each cell may correspond to an area jointly covered by

multiple beams of the same satellite. In the extreme case, there may be a single cell

per satellite.
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Regardless of whether the satellite uses fixed beams or steerable beams, the movement

of satellites in non-geostationary orbit implies that even a stationary device needs to reg-

ularly handover to a cell of a new satellite. The speed by which a satellite may disappear in

combination with the high latency in any network-to-device signaling implies problems

for conventional network-triggered handover. At the same time, in contrast to terrestrial

networks where mobility is due to the more or less random movement of the device,

handover within an NTN is much more predictable as it, to a large extent, is due to

the known movement of the satellite. For these reasons, conditional handover is expected

to be extensively used for NTN. As described in Chapter 6, conditional handover implies

that a device is configured in advance with a set of candidate cells and associated triggering

conditions. Once a combination of the trigger conditions associated with a specific can-

didate cell is fulfilled, the device should execute a handover to that cell without the need

for the reporting and signaling that need to be carried out prior to conventional network-

controlled handover.

To utilize the predictability of handover in the NTN scenario, release 17 extended

the triggering conditions for conditional handover with a complementary timing condition.

Each timing condition defines a time interval within which handover to the correspond-

ing candidate cell can take place. The timing condition is always combined with a con-

ventional measurement-based condition, that is, the handover is executed when a

measurement condition is fulfilled during the time interval defined by the timing

condition.

There is also the possibility for a location-based condition for condition handover. Once

again, this is used in combination with a conventional measurement-based condition,

that is, the handover is executed when the measurement condition is fulfilled while

the device is within an area defined by the location-based condition.

25.3 NTN extensions on release 18

At the time of this writing, the 3GPPwork on release-18 extensions toNTN is still ongo-

ing. At this stage, the work has focused on three topics.

25.3.1 NTN in mm-wave bands
As already discussed, due to time limitations, release 17 was limited to operation in the

lower-frequency spectrum, more specifically spectrum around 1.6GHz and 2GHz. As

part of release 18, 3GPP is extending NTN to support operation also in mm-wave spec-

trum. Currently, the following spectrum been agreed upon.

• Uplink: 27.5–30GHz

• Downlink: 17.3–20.2GHz
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Note that, despite being mm-wave bands which have until now been solely specified for

TDD operation in 3GPP, this is paired spectrum for FDD operation. As already men-

tioned in Section 25.2.1, TDD-based operation is essentially impossible for satellite-

based NTN due to the large propagation time.

25.3.2 Coverage enhancements
With regards to coverage enhancements, 3GPP is currently only focusing on one specific

case, namely the transmission of HARQ feedback (on PUCCH) for downlinkMessage 4

of the random-access procedure (see Chapter 17). The proposed solution/extension is to

allow for PUCCH repetition a factor two, four, or eight for the HARQ acknowledge-

ment where the repetition factor can be dynamically decided on by the network.

25.3.3 Network-verified UE (device) location
In general, an NTN cell will typically be very large, something which makes network-

based positioning of a device difficult. At the same time, for legal reasons the network

must be able to determine at least the rough location of a device (for emergency calls,

lawful intercept, etc.).

Obviously an NTN device knows its own location from GNSS (note that this is cur-

rently anyway an assumption for NTN devices, see Section 25.2.2) and could report its

coarse location to the network.g However, GNSS measurements cannot be fully trusted

as they can relatively easily be jammed and/or spoofed. The work on network-verified

UE location aims at developing network-based solutions to verify such coarse

GNSS-based UE locationing.

g Privacy requirements forbid a device to report its precise GNSS-based location.
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CHAPTER 26

Sidelink communication

The possibility for 3GPP device-to-device (D2D) communication, that is, direct commu-

nication between devices, also referred to as sidelink communication, was first introduced

for LTE as part of 3GPP release 12 [98]. Later releases then extended the LTE sidelink

communication with specific focus on the vehicle-to-vehicle (V2V) use case, that is, direct

communication between vehicles [101].

The first release of the NR specifications did not include support for sidelink

communication. However, support for NR sidelink communication was introduced

in 3GPP release 16 as part of a work item on V2X (Vehicle-to-Anything) [102]. The

aim of the V2X work item was to ensure that NR could provide the connectivity

required for advanced V2X services, with focus on the following more specific use cases

(see, for example, Ref. [103] for more details):

• Vehicle Platooning

• Extended sensors

• Advanced driving

• Remote driving

Although the scope of the release-16 V2X work item was not limited to vehicle-to-

vehicle communication but also included, for example, the required vehicle-to-

infrastructure communication for these use cases, the absolute main part of the

work-item activities focused on the introduction of NR sidelink communication

targeting the vehicle-to-vehicle use case.

In principle, there is nothing that prevented the use of the release-16 sidelink also for

other scenarios and use cases for which there were a need for direct device-to-device

communication. However, the focus on vehicular-related use cases led to some design

choices that was partly in conflict with requirements of other use cases. For example, the

focus on the vehicular-related use cases led to a limited focus on low device energy con-

sumption as a vehicular-mounted device can be assumed to have access to abundant

amount of energy. For this reason, 3GPP release 17 introduced extensions toNR sidelink

communication, making it more applicable to other use cases, for example, those for

which low device energy consumption is important [133].

Separately from these sidelink enhancements, 3GPP release 17 also introduced sup-

port for sidelink relaying [134], that is, the use of the sidelink functionality as a tool to

extend network coverage by using devices as relay nodes.
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26.1 NR sidelink – Transmission and deployment scenarios

NR sidelink supports three basic transmission scenarios, see also Fig. 26.1.

• Unicast, in which case the sidelink transmission targets a specific receiving device

• Groupcast, in which case the sidelink transmission targets a specific group of receiving

devices

• Broadcast, in which case the sidelink transmission can be received by any device that

is within the range of the transmission

There are two basic deployment scenarios for NR sidelink communication in terms of

the relation between the sidelink communication and an overlaid cellular network, see

also Fig. 26.2.

• In-coverage operation, in which case the devices involved in the sidelink communication

are within the coverage of an overlaid cellular network. The network can then, to a

smaller or larger extent depending on the exact mode-of-operation, control the

sidelink communication.

• Out-of-coverage operation, in which case the devices involved in the sidelink communi-

cation are not within the coverage of an overlaid cellular network

Note that there is also a “partial-coverage” scenario where only a subset of the devices

involved in the device-to-device communication are within the coverage of an overlaid

network.

In case of in-coverage operation, the sidelink communication may share carrier

frequency with the overlaid cellular network. Alternatively, sidelink communication

Fig. 26.1 Sidelink transmission scenarios.

Fig. 26.2 Sidelink deployment scenarios.
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may take place on a sidelink-specific carrier frequency which is different from the carrier

frequency of the overlaid network.

In general, before a device can engage in NR-based sidelink communication it needs to

be properly configured. For devices under network coverage such configuration is pro-

vided by means of a sidelink-specific system-information block referred to as SIB12. In

addition to the common configuration provided by SIB12, there may be additional device-

specific sidelink-related configurations provided by means of dedicated signaling.

For devices outside network coverage the sidelink-related configuration may, for

example, be hard-wired into the device itself or stored on the device SIM card. In

3GPP terminology this is referred to as “pre-configuration”, to differentiate from the

more conventional configuration taking place for devices under network coverage. Here

we will avoid these details and use the term “configuration” also for the case when a

device is outside network coverage and sidelink-related parameters are provided by

means of pre-configuration.

As already mentioned, sidelink communication, including the vehicle-to-vehicle use

case, is supported already in LTE. There may be situations where one would like to have

LTE-based sidelink communication under the coverage of, and controlled by, an over-

laid NR network. Similarly, there may be situations where one would like to have NR

sidelink communication together with an overlaid LTE network. Support for such side-

link scenarios is included in the 3GPP specifications. However, we will here not dwell

more into this but assume NR sidelink operating under the coverage of an NR network,

alternatively operating out-of-coverage.

26.2 Resources for sidelink communication

NR sidelink transmission is based on conventional OFDM with the same 15kHz-based

numerology as is used for network-to-device communication, see Chapter 7. This is a

difference compared to LTE sidelink which was based on DFTS-OFDM, that is, the

uplink transmission scheme of LTE.a

In case of NR sidelink communication sharing carrier frequency with a conventional

cellular network, sidelink transmission takes place in uplink resources, that is, on an uplink

carrier in case of paired spectrum and in slots configured as uplink slots in unpaired spec-

trum. In other words, sidelink transmissions, which are inherently device transmissions, use

the same set of resources that is used for device transmission also in the overlaid network.

When an NR device is configured for sidelink transmission it is configured with a

sidelink resource pool which, among other things, defines the overall time/frequency

resource that can be used for sidelink communication within a carrier, see also Fig. 26.3.

a Note that NR supports both conventional OFDM and DFTS-OFDM for uplink transmission.
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• In the time-domain the resource pool consists of a set of slots repeated over a resource-

pool period.

• In the frequency domain the resource pool consists of a set of consecutive subchannels,

where a subchannel consists of a number of consecutive resource blocks. The sub-

channel is the smallest unit of sidelink data transmission in the frequency domain.

Overall, the time/frequency structure of a sidelink resource pool is thus defined by

• A configurable resource-pool period

• A configurable set of sidelink slots within the resource-pool period

• A configurable subchannel bandwidth which can be of a size corresponding to 10, 12,

15, 20, 25, 50, 75 or 100 resource blocks

• A resource-pool bandwidth corresponding to a configurable set of consecutive

sub-channels

• The frequency-domain location of the first subchannel of the resource pool

It should be pointed out that a device may be configured with multiple resource pools for

sidelink transmission. Furthermore, in addition to resource pool(s) for sidelink transmis-

sion, a device will also be independently configured with one or multiple resource pools

for sidelink reception. Note though that, typically, the transmit and receive resource

pools are identical.

Although the resource-pool configuration has a slot-based granularity in the time

domain, this does not mean that all symbols of a sidelink slot are necessarily available

for sidelink transmission. Rather, the network can impose limitations so that only a

limited set of consecutive symbols within a sidelink slot is actually available for sidelink

communication, see Fig. 26.4.b This is done by configuring

Fig. 26.3 Example structure of sidelink resource pool.

b This is actually not a property of the resource pool but a property of the bandwidth part within which the

resource pool is configured. The same limitations are thus valid for all resource pools configured within the

same bandwidth part.
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• the first symbol of the set of consecutive symbols available for sidelink communication,

ranging from symbol number 0 to symbol number 7 (symbol number 3 assumed in

Fig. 26.4)

• the number of consecutive symbols available for sidelink communication, ranging

from 7 symbols to 14 symbols (9 symbols assumed in Fig. 26.4)

In this way one can, for example, ensure that the first and/or last few symbols of a slot are

available for downlink or uplink control signaling for the case when sidelink communi-

cation shares carrier frequency with conventional downlink and uplink communication.

Note that, in case of a sidelink-specific carrier frequency, it can typically be assumed that

all symbols within a sidelink slot are available for sidelink communication.

As will be further discussed below, some of the available symbols of a sidelink slot

will/may also be used

• for Hybrid ARQ feedback

• for AGC (Automatic Gain Control)

• as guard symbol(s)

This will further limit the number of symbols available for actual sidelink data transmis-

sion within a slot.

There are two basic modes for sidelink transmission in terms of how the exact set of

resources to use for the sidelink transmissions is decided on.

• In case of resource-allocation mode 1, an overlaid network schedules the sidelink

transmissions in a way that, at least on a high level, is similar to the scheduling of

uplink PUSCH transmissions (see for example Chapter 14). Resource-allocation

mode 1 is obviously only applicable when the transmitting device is within network

coverage.

Fig. 26.4 Limiting the sets of available symbols within the sidelink slots.
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• In case of resource-allocation mode 2, a decision on sidelink transmission, including

decision on the exact set of resources to use for the transmission, is made by the trans-

mitting device itself based on a sensing and resource-selection/reservation procedure.

Resource-allocation mode 2 is applicable to both the in-coverage and out-of-

coverage deployment scenarios.

The two resource-allocation modes will be discussed in more details in Section 26.4.

26.3 Sidelink physical channels

Similar to downlink and uplink transmissions, sidelink transmission takes place over a set

of physical channels on to which a transport channel is mapped and/or which carry dif-

ferent types of L1/L2 control signaling. This includes

• the physical sidelink control channel (PSCCH) which carries sidelink control information

(SCI), more specifically the 1st-stage SCI or SCI-1. SCI-1 includes information

needed by receiving devices for proper demodulation/detection of the PSSCH.

The SCI-1 information is also used as part of the sensing and resource-selection pro-

cedure of resource-allocation mode 2, see further Section 26.4.2.

• the physical sidelink shared channel (PSSCH) on to which the sidelink shared channel

(SL-SCH) transport channel is mapped. In other words, the PSSCH carries the actual

sidelink data between devices. The PSSCH also carries some additional control sig-

naling referred to as 2nd-stage SCI or SCI-2.

• the physical sidelink feedback channel (PSFCH) which carries Hybrid-ARQ feedback

from a receiving device to the transmitting device.

As we will see later, there is also a physical sidelink broadcast channel (PSBCH) which is part

of the so-called sidelink SSB (SL-SSB) The SL-SSB is used for sidelink synchronization,

with the PSBCH carrying a small amount of “system information” (the sidelink master

information block or sidelinkMIB) needed to be shared between devices. Sidelink synchro-

nization and the SL-SSB is discussed in more details in Section 26.7.

Fig. 26.5 summarizes the sidelink physical channels (including the PSBCH) and the

information they carry.

Fig. 26.5 Sidelink physical channels and corresponding information carried by each channel.

564 5G/5G-Advanced

https://t.me/learningnets



We should already now comment on the split of the sidelink control information

(SCI) into two parts, SCI-1 and SCI-2. As mentioned above, in addition to information

needed for the demodulation and detection of the PSSCH, the SCI-1 also includes infor-

mation related to sensing and resource reservation. As will be discussed further in

Section 26.4.2, this information is relevant for multiple devices, in principle for all devices

operating under resource-allocation mode 2 within range of the transmitting device.

Thus, even if the sidelink data transmission is unicast, SCI-1 has to be broadcast with

a known format.

In contrast, SCI-2 only contains information relevant for the device, or devices in case

of multicast/broadcast, for which the actual sidelink data transmission is intended. This

includes, for example, the destination ID, that is, the identity of the device, or group of

devices, for which the sidelink data transmission is intended, and information related to

Hybrid ARQ. Thus, SCI-2 can, for example, be beam-formed, especially if there is only

a single target device. There are also different SCI-2 formats, depending on, for example,

the exact Hybrid-ARQ mode-of-operation, with the actual SCI-2 format being signaled

within SCI-1. This also provides a certain degree of future-proofness in the sense that new

SCI-2 formats supporting new functionality can be introduced in later releases without

impacting legacy devices. Already with release 16 there were two different SCI-2 formats,

SCI-2A and SCI-2B, that differed somewhat in terms of the Hybrid-ARQ-related infor-

mation, see also Section 26.5. In release 17, an additional format (SCI-2C) was introduced

to support signaling related to inter-UE coordination, see Section 26.4.2.3.

26.3.1 PSSCH/PSCCH
The PSSCH and PSCCH are jointly transmitted within the time/frequency resource,

consisting of one slot over a number of contiguous subchannels, either scheduled

for the sidelink transmission by the network in case of resource-allocation mode 1 or

autonomously selected by the transmitting device itself in case of resource-allocation

mode 2. Fig. 26.6 illustrates the time/frequency structure of a PSSCH/PSCCH

Fig. 26.6 Structure for PSSCH/PSCCH assuming eleven symbols available for sidelink transmission,
including symbol for AGC and guard symbol, and assuming PSCCH extending over three symbols.
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transmission. As already mentioned, only a subset of the symbols of a sidelink slot may be

available for PSSCH/PSCCH transmission. The actual PSSCH/PSCCH transmission

always starts at the second of these available symbols, with the first available symbol being

a copy of the second symbol. The reason for this is to provide a time interval during

which a receiving device can carry out automatic gain control (AGC), that is, adjust

the gain of the receiver amplifier to fit the power of the received signal. There is also

a guard symbol at the end of the PSSCH/PSCCH transmission. The guard symbol is

needed, for example, to provide time for switching from sidelink transmission to sidelink

reception and vice versa, as well as for switching between sidelink transmission/reception

and regular downlink or uplink transmissions.

The exact number of symbols over which the PSSCH/PSCCH transmission occurs

depends on the number of symbols available for sidelink transmission within a slot.

However, it also depends on if there are resources assigned for PSFCH transmission

within the slot, as will be further described below (no PSFCH resources assumed in

Fig. 26.6).

In the time domain, PSCCH is transmitted within the first two or three symbols of the

resource assigned for the PSSCH/PSCCH transmission, not including the AGC symbol

(three symbols assumed in Fig. 26.6). In the frequency domain the PSCCH is transmitted

starting at the lowest resource block of the PSSCH/PSCCH resource and with a band-

width up to one sub-channel. The PSSCH is then mapped to the remaining resource

elements of the overall PSSCH/PSCCH resource. The bandwidth and duration (two

or three symbols) of the PSCCH are part of the resource-pool configuration and are thus

known to a receiving device in advance.

The location of the PSCCH at a fixed position within the overall PSSCH/PSCCH

resource implies that

• A receiving device only needs to search for PSCCH at the lower end of each

sub-channel.

• Once a receiving device has found the PSCCH and decoded the corresponding SCI-

1, it has also found the frequency-domain starting position of the overall PSSCH/

PSCCH resource. The only additional information needed for the receiving device

to completely know the overall PSSCH/PSCCH resource is the PSSCH/PSCCH

bandwidth in number of subchannels. This information is provided as part of the

SCI-1, that is, the control information carried within the PSCCH.

Channel coding and modulation for SCI-1 is based on the same Polar code as is used for

DCI and with modulation limited to QPSK.

For PSSCH, the situation is slightly more elaborate as the PSSCH carries transport-

channel data (SL-SCH) but also SCI-2. SL-SCH and SCI-2 are separately channel coded

and modulated. The modulated symbols are then multiplexed together before mapping

to the PSSCH time/frequency resource.
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• Channel coding and modulation for SCI-2 is the same as for SCI-1, that is, the same

Polar code as is used for DCI and with modulation limited to QPSK

• Channel coding and modulation for SL-SCH is the same as is used for the downlink

and uplink shared channels (see Chapter 9), that is, LDPC codes and with modulation

up to 256QAM.

SCI-1 contains information about the transmission format for the SCI-2, including

information that allows a receiving device to determine the set of resource elements used

for SCI-2 and SL-SCH respectively. Once a device has decoded SCI-1, it can thus

properly extract SCI-2 and the SL-SCH from the PSSCH.

SL-SCH supports the transmission of one transport block over up to two layers. In

case of two-layer transmission, for SCI-2, which relies on the same DM-RS as SL-SCH,

the same symbol is mapped to both antenna ports.

26.3.2 PSFCH
The PSFCH carries Hybrid-ARQ feedback for sidelink transmissions received on

the PSSCH.

The basic structure of the PSFCH is the same as PUCCH format 0 (Section 10.2.2),

that is, the feedback information (ACK or NACK) is conveyed by applying different

phase rotations to a frequency-domain base sequence of length twelve. The phase-

rotated sequence is then mapped to a single resource block (twelve sub-carriers) assigned

for the PSFCH transmission.

As illustrated in Fig. 26.7, the PSFCH is transmitted in the second last available

symbol of a sidelink slot (the last available symbol is always used as a guard symbol). Fur-

thermore, to allow for AGC, the PSFCH symbol is copied to the immediately prior

symbol in the same way as for PSSCH/PSCCH, see above. The guard symbol between

the PSSCH/PSCCH and the PSFCH is needed to provide a switching time between

PSSCH/PSCCH reception and PSFCH transmission.

Fig. 26.7 Joint PSSCH/PSCCH and PSFCH structure assuming eleven symbols available for sidelink
transmission (including AGC and guard symbols).

567Sidelink communication

https://t.me/learningnets



This implies that, if PSFCH resources are configured for a sidelink slot, this will

require of a total of three symbols for the PSFCH itself, the AGC symbol and the extra

guard symbol, with a corresponding reduction in the number of symbols available for

PSSCH transmission.

There does not have to be PSFCH resources in every slot. Rather, a resource pool can

be configured to have PSFCH resources in every slot, in every second slot, or in every

fourth slot. This means that each PSFCH occasion may have to carry HARQ feedback

corresponding to multiple PSSCH transmissions. A resource pool can also be configured

without any PSFCH resources in which case Hybrid ARQ will not be used for the side-

link transmission within the resource pool.

More details on sidelink Hybrid-ARQ and the related feedback signaling are given in

Section 26.5.

26.4 Resource allocation

As already mentioned in the introduction, there are two different modes in terms of how

the exact set of resources to use for a specific sidelink transmission is decided on, see also

Fig. 26.8.

• Resource-allocation mode 1, in which case an overlaid network schedules sidelink

transmissions

• Resource-allocation mode 2, in which case the device autonomously decides on the

resource to use for sidelink transmission by means of a sensing and resource-selection

procedure

It is important to understand that the resource-allocation mode is relevant only from a

transmitter point-of-view and a receiving device does need to not know under what

resource-allocation mode the corresponding transmitting device is operating. Also,

different devices within the same area may operate under different resource-

allocation modes.

Therefore, even if a certain device carries out sidelink transmission based on resource-

allocation mode 1, it still must provide the information needed by other devices for the

sensing and resource-selection/reservation procedure associated with resource-allocation

mode 2.

Fig. 26.8 Resource-allocation mode 1 and 2.
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26.4.1 Resource-allocation mode 1
In case of resource-allocation mode 1, sidelink (PSSCH/PSCCH) transmissions can only

be carried out by a device if the network has provided it with a scheduling grant that

indicates the exact set of resources used for the transmission. This is in many respects sim-

ilar to the scheduling of uplink transmissions (Chapter 14) with the important difference

that the grant is for a sidelink (PSSCH/PSCCH) transmission rather than an uplink

(PUSCH) transmission, see Fig. 26.9.

Similar to uplink scheduling, sidelink scheduling can be done by means of both

dynamic and configured grants.

A dynamic grant for sidelink transmission is provided by means of DCI format 3_0

introduced specifically for sidelink scheduling grants.c Each dynamic grant can provide

resources for sidelink transmission of the same SL-SCH transport block in up to three

slots (one initial transmission and up to two retransmissions) within a window of 32 slots,

see Fig. 26.10. The first scheduled resource occurs a time offset ΔT after the slot within

which the DCI carrying the scheduling grant is received. The remaining up to two

Fig. 26.9 Scheduling grant for uplink transmission (left) vs. sidelink transmission (right).

Fig. 26.10 Scheduling of up to three sidelink resources within a window of 32 slots.

c There is also a DCI format 3_1 that is used to when an overlaid NR network schedules LTE-based sidelink

transmissions.
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scheduled resources have time offsets ΔT1 and ΔT2 relative to the first scheduled

resource. The up to three resources have the same bandwidth (four subchannels assumed

in Fig. 26.10) but may have different frequency-domain locations given by the frequency

offsets Δf, Δf1 and Δf2, where Δf is the frequency offset of the first scheduled resource

relative to the start of the resource pool and Δf1 and Δf2 are the frequency offsets of

the second and third scheduled resources relative to the first scheduled resource. Infor-

mation about the parametersΔT,ΔT1 andΔT2, andΔf,Δf1 andΔf2, as well as the band-
width of the scheduled resource, is provided within the scheduling grant.

Note that the possibility for a scheduling grant to include resources for up to two dif-

ferent retransmissions does not mean that there can only be up to two retransmissions of a

transport block. However, if additional retransmissions are needed, the device has to

request, and be explicitly scheduled, new resources for these retransmissions.

A configured grant provides periodically occurring resources for sidelink transmis-

sion. Similar to configured grants for uplink transmission, see Section 14.4, there are

two types of configured grant for sidelink transmission.

• Configured grant type 1 for which the entire grant, including the resources to use for

sidelink transmission, is configured by means of RRC signaling

• Configured grant type 2 for which the periodicity is configured by means of RRC sig-

naling while the activation of the grant, as well as the periodic resources to use for

sidelink transmission, is provided by DCI format 3_0 using an RNTI different from

the one used for dynamic grants.

For each period, the configured grant (both type 1 and type 2) may provide resources in

up to three slots similar to a dynamic grant.

26.4.2 Resource-allocation mode 2
In case of resource allocation mode 2, a device autonomously decides on the resources to

use for sidelink transmissions based on a sensing and resource-selection procedure. The sens-

ing and resource-selection procedure is assisted by resource-reservation announcements, the

intention of which is to inform other devices about a set of resources that a device has

selected/reserved for future sidelink transmissions. Other devices will then use this infor-

mation as part of their sensing and resource-selection procedure, that is, when selecting

the set of resources they themselves will reserve/use for future sidelink transmissions. As

already mentioned, the resource-reservation information is provided to other devices as

part of SCI-1.

26.4.2.1 Resource reservation/indication
In addition to the PSSCH/PSCCH transmission of the current slot, that is, the slot in

which SCI-1 is transmitted, a device can reserve/indicate resources for up to two addi-

tional transmissions of the same transport block within a time window of 32 slots, see

Fig. 26.11. Each of these two resources has the same bandwidth as the transmission of
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the current slot but can have different frequency-domain locations. Information about

these reserved resources, defined by the time offsetsΔT1 andΔT2 and the frequency shifts

Δf1 andΔf2 is provided within SCI-1. Note that these additional resources are assumed to

be used for the retransmission of the same transport block, that is, not for the transmission

of a new transport block.

It can benoted that the structure of these up to three resources (current resource plus up

to two additional resources) is the same as the up to three scheduled resources that can be

provided bymeans of a dynamic or configured grant in case of resource-allocationmode 1

(compare Figs. 26.10 and 26.11). Information about the parameters ΔT1, ΔT2, Δf1 and
Δf2 in Fig. 26.10 are included in SCI-1 also when the transmitting device operates

under resource-allocation mode 1. A receiving device operating under resource-

allocation mode 2 will then interpret the corresponding resources as “reserved” when

carrying out its sensing and resource selection. This enables simultaneous operation of

resource-allocation mode 1 and mode 2 by different devices within the same area.

In addition to one or two additional resources within a time window of 32 slots as

described above, a device operating under resource-allocation mode 2 may also reserve

an identical set of up to three resources for the transmission of another transport block. As

illustrated in Fig. 26.12, this additional set of resources are time shifted an amount Tp

relative to the first set of resource, where the offset Tp can range from as small as 1ms

to as large as 1000ms.d As part of the resource-pool configuration, devices are provided

with up to 15 possible values for TP. A device then selects one of these values and

announces it in form of a four-bit parameter that is part of the resource reservation within

SCI-1. The remaining (all-zero) parameter value is used to indicate that no additional

resources are reserved.

Fig. 26.11 Reservation of additional up to two resources within a window of 32 slots.

d Note that his additional set of resources should not overlap with the first set of resources within the 32ms

window, something which may impose additional restrictions on the lower-limit of Tp.
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The possibility to reserve additional time-shifted resources is typically used in scenar-

ios when a device is to carry out periodic sidelink transmissions. Note though that the

device does not reserve periodic resources but only a single set of additional resources.

At the time of transmission on these additional reserved resources, the device could/

should reserve yet another set of additional resources for the transmission of yet another

transport block and so on.

26.4.2.2 Sensing and resource selection
The sensing and resource selection is the procedure by which a device operating under

resource-allocation mode 2 selects the set of resources to use for sidelink transmission

based on, among other things, resource reservations announced by other devices.

The data to be transmitted is assumed to require a certain amount of frequency-

domain resources, that is, a certain number of sub-channels. It is also assumed to have

a certain delay budget, in practice implying that the data should be transmitted within

a certain time window, as well as a certain priority.

Release 16 only supported so-called full sensing. In release 17 this was extended with

the possibility for partial sensing as well as the possibility for resource selection without any

prior sensing. Belowwewill first describe the release-16 full sensing and then describe the

release-17 extensions.

The resource selection starts by the device listing all potential candidate resources, which

is the same as all N-subchannel resources within the resource-pool bandwidth for all

sidelink slots within a selection window, see Fig. 26.13, where N is the required amount

of frequency-domain resources.e The minimum length of the selection window is a

Fig. 26.12 Reservation of second set of resources for new transport block.

e The number of N-subchannel resources within a slot equals (M�N+1), whereM is the overall resource-

pool bandwidth measured in subchannels.
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configurable parameter, while the maximum length is limited by the delay budget for the

data to be transmitted.

Based on SCI-1 transmissions of other devices received during a preceding sensing

window, the device is assumed to have acquired knowledge about resource reservations

made by such devices. For full sensing, the length of the sensing window can be config-

ured to either 100ms or 1000ms.

If a resource in the list of potential candidate resources partly overlaps with a resource

reserved by another device, based on information acquired from received SCI-1 trans-

missions, and the SCI-1 transmission was received with a signal strength that exceeds a

configured threshold, the resource is removed from the list of potential candidate

resources. The threshold with which the received signal strength is compared depends on

• The priority of the transmission to be made by the sensing device (the higher priority,

the lower threshold)

• The priority of the announced resource reservation (the higher priority, the higher

threshold), information about which is provided as part of the resource-reservation

information within SCI-1

If, at the end of this procedure, the remaining list of potential candidate resources contains

less than 20% of the original list, that is, more than 80% of the original potential candidate

resources have been removed from the list, the procedure is restarted with the signal-

strength threshold increased by 3dB. This will reduce the probability that a resource will

be removed from the list of potential candidate resources, that is, increase the number

of remaining candidate resources. This is repeated, with further increased thresholds,

until the remaining list of candidate resources includes at least 20% of the resources of

the original list. From the remaining list of candidate resources, the device selects up

to three N-channel resources in different slots for the transmission of a transport block

and, potentially, an additional set of up to three resources for the transmission of a second

transport block as illustrated in Fig. 26.12.

On a high level, what the sensing procedure does is thus to

• Prioritize resources not reserved by other devices

• Prioritize resources reserved by devices received with lower signal strength, with the

aim to reduce the impact of any collision due to the use of the same resource for side-

link transmissions by nearby devices while allowing for spatial reuse of the resources by

devices at larger distance.

Fig. 26.13 Resource selection with sensing window and selection window.
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• Prioritize resources reserved with a lower relative priority by other devices, that is,

prioritize resources for which a collision may be less critical

• Guarantee that there are at least 20% of the original potential candidate resources

within the delay-budget time window to do the final random resource selection from

In some cases, a sensing device may carry out transmissions of its own, and thus not be

able to monitor for SCI-1 transmissions, during some slots of the sensing window. For

such slots, the device should make a worst-case assumption and remove, from the list of

potential candidate resources, all resources that could hypothetically have been indicated

by a potentially missed SCI-1 transmission. However, this is only true for the reservation

of resources for a second transport block (the Tp-shifted resources in Fig. 26.12) and not

for the reservation of resources for retransmissions within the 32-slots window of

Fig. 26.11.

Release-17 extensions – Partial sensing and random-resource allocation
The drawback of the release-16 full sensing is that a device has to carry out essentially

continuous reception in order to have sensing information available for resource selection

if a packet arrives for sidelink transmission. Alternatively, the device has to delay the side-

link transmission for a time corresponding to the sensing window, something which is

only possible for non-time-critical transmissions.

For vehicle-mounted devices, which was the focus for release-16 sidelink commu-

nication, continuous sensing is typically not a serious problem as such devices can be

assumed to have an abundant amount of energy available. However, for use cases where

low device energy consumption is more important, full sensing may lead to an unaccept-

able drain of the device battery. Release 17 therefore introduced two additional

schemes for sensing under the umbrella of resource-allocation mode 2, periodic-based par-

tial sensing and contiguous partial sensing. These two schemes target somewhat different sce-

narios, with periodic-based partial sensing more suitable for detecting and avoiding

periodic transmissions and contiguous partial sensing targeting the detection/avoidance

of aperiodic transmissions. Thus, contiguous partial sensing is always used if partial sens-

ing is configured for a resource pool, as a resource pool may always be used for aperiodic

sidelink transmissions. In contrast, periodic-based partial sensing is only used when the

resource pool allows for the reservation of resources for transmission of an additional

transport blocks based on the parameter Tp as described above.

The basic principle of resource selection based on partial sensing is the same as for the

case of full sensing.

• There is a set of candidate resources which, in case of full sensing, corresponds to

resources in all slots within the selection window

• There is a set of slots, in case of full-sensing all slots of the sensing window, within

which the device monitors for resource reservations within SCI-1 transmissions of
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other devices. Based on this, resources may be removed from the set of candidate

resources.

The difference between the different sensing schemes lies in

• the exact set of slots within which candidate resources are located (all slots within the

selection window for full sensing)

• the exact set of slots within which sensing is carried out (all slots within the sensing

window for full sensing)

Common to both schemes of partial sensing is that, instead of considering resources

within all the available slots of the selection window as potential candidate resources, partial

sensing starts by selecting a limited set of candidate slots within the selection window and

limits the potential candidate resources to be within these candidate slots. The minimum

number of candidate slots can be configured by the network from as few as a single can-

didate slot up to a maximum of 32 candidate slots. Note that the set of selected candidate

slots does not have to be contiguous.

Contiguous and periodic-based partial sensing differ in terms of withinwhat slots sens-

ing is carried out. In case of contiguous sensing, sensing is carried out within a limited set

of consecutive slots ending just before the first candidate slot, see upper part of Fig. 26.14.

In contrast, in case of periodic-based partial sensing (lower part of Fig. 26.14), for a given

candidate slot sensing is carried out within slot(s) m�k ∙P, where

• m is the index of the candidate slot

• P is the set of the possible periods for periodic reservation as resources as

described above.

• k is either a limited to single value k¼k0, determined so that the corresponding sensing

slot occurs just before the first candidate slot, or takes two values k¼k0 and k¼k0�1

(this alternative is assumed in Fig. 26.14)

Fig. 26.14 Contiguous partial sensing vs periodic-based partial sensing. Two sensing slots assumed in
the case of partial sensing.
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Note that the lower part of Fig. 26.14 only shows the sensing slots for one specific can-

didate slot and for one specific periodicity. In the general case there will be multiple peri-

odicities with each periodicity corresponding to one or two sensing slots for each

candidate slot.

Once a set of slots within which sensing should take place has been determined

according to above, the actual sensing is done in the same way for the two

schemes of partial sensing and in the same way as for full sensing. That is, the device mon-

itors for resource reservations of other devices within the slots identified for sensing.

Based on this, together with signal-strength measurements and priority information,

resources are potentially removed from the set of candidate resources.

In addition to periodic-based and contiguous partial sensing, release 17 also intro-

duced the possibility for random resource selection. In that case, a device selects resources

for transmission without any prior sensing.

26.4.2.3 Inter-UE coordination
Another extension of resource-allocation mode 2 in release 17 is the possibility for inter-

UE coordination. This includes the possibility for devices to

• provide information to other devices about preferred and/or non-preferred resources,

information that can then be taken into account in the resource selection of these other

devices (referred to as coordination-scheme 1),

• provide information about collisions between resource reservations, information that

can be used to trigger reselection of resources by other devices (referred to as coordi-

nation-scheme 2)

In case of coordination-scheme 1, a certain device A provides information of preferred

and/or non-preferred resources to other devices This information is based on sensing

carried out by device A, that is, it reflects the situation as seen by device A.

• A preferred resource is a resource that, from the point-of-view of device A, is a suitable

resource for other devices to use if/when doing sidelink transmissions targeting device

A. This would typically correspond to resources for which device A has not detected

any resource reservations by other devices.

• A non-preferred resource is a resource that, from the point-of-view of device A, is not

a suitable resource for other device B to use if/when they carry out sidelink transmis-

sions with device A as an intended receiver. This would typically correspond to

resources for which device A has detected resources reservations (with signal strength

above a certain level) from other devices or resources on which device A itself intends

to carry out transmissions.

Device reporting of preferred/non-preferred resources could be triggered by

another device requesting this information. In addition to indicating if the request is for

preferred or non-preferred resources, the request will then also include information about
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• The time window within which the preferred/non-preferred resource is to be

located

• The size of the preferred/non-preferred resource in number of subchannels

• A priority value which will impact the signal-strength threshold by means of which

device A will characterize a resource as preferred/non-preferred

Alternatively, a device may broadcast information about preferred/non-preferred

resources without having received any prior request. Note that, even if reporting of pre-

ferred/non-preferred resources is triggered by requests from other devices, the report

itself can be received and utilized by any device.

Note that the parameters included in the above request are similar to the param-

eters that are input to the sensing and resource selection carried out by a device oper-

ating according to the conventional/non-coordinated resource-allocation mode 2.

In some sense the inter-UE coordination could be seen as an extension of conven-

tional sensing described above. With conventional sensing a device selects suitable

resources for transmission based on resource-reservation information within SCI-1

received by the device itself. With inter-UE coordination, the resource selection

is augmented with additional resource-reservation information received by other

devices, in practice devices that are the targets of the sidelink transmission. While

the conventional sensing is based on the situation at the transmitter itself, the inter-

UE-coordination information is instead based in the situation at an intended

receiver.

The coordination information, that is, the indication of preferred/non-preferred

resources is provided by means of a new SCI-2 format (SCI-2C). The SCI-2C format

is also used for the request of coordination information.

In case of inter-UE-coordination scheme 2, that is, collision detection, a device A can

inform another device B that the resource reservation of device B, targeting sidelink

transmission to device A, overlaps with a resource reservation of another device. The

criterion for detecting a collision could either be based on the absolute received power

of the reservations or on the relative difference in received power. The device A can also

report a collision if the resource reservation of device B overlaps with a resource in which

device A is not expecting to do sidelink reception, for example, due to half-duplex

limitations.

In contrast to scheme 1, which can be seen as pro-active, that is, indicating referred

and/or non-preferred resources to avoid collisions in the resource reservations of differ-

ent devices, scheme 2 is more of a reactive scheme, that is, indicating that a collision in the

resource reservation has been detected. On the reception of such an indication, a device

may then decide to re-select resources as a means to avoid a collision in the actual sidelink

transmission.

Similar to the indication of preferred/non-preferred resources, the collision indica-

tion is provided to device B by means of the new SCI-2C format.
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26.5 Sidelink hybrid-ARQ

Depending on the configuration, receiving devices may provide Hybrid-ARQ feedback

to the transmitting device using the PSFCH physical channel. Based on such feedback,

the transmitting device may then carry out retransmissions, possible by first requesting

resources for such retransmissions from an overlaid network.

26.5.1 Hybrid-ARQ feedback
Hybrid-ARQ feedback from a receiving device to the transmitting device is supported

for both unicast and groupcast sidelink transmission.

In case of unicast transmission, both ACK and NACK feedback can be provided,

encoded as different phase rotations of the PSFCH base sequence.

• ACK is provided if the receiving device has correctly decoded an SL-SCH

transport block

• NACK is provided if the receiving device has detected the presence of an SL-SCH

transport block from the decoding of SCI-1 and SCI-2 but has not been able to cor-

rectly decode the SL-SCH transport block

Note that a receiving device needs to correctly decode both SCI-1 and SCI-2 in order to

determine the presence of an SL-SCH transport block aimed for the device.

In case of groupcast transmission, that is, a sidelink transmission targeting a group of

receiving devices, there are two options for Hybrid-ARQ feedback.

• ACK/NACK feedback: A receiving device provides ACK feedback if it has correctly

decoded an SL-SCH transport block. It provides NACK feedback if it has detected the

presence of the SL-SCH transport block from SCI-1/SCI-2 but has not been able to

decode the transport block. This is essentially the same as the Hybrid-ARQ feedback

for unicast sidelink transmissions

• NACK-only feedback: A receiving device provides NACK feedback if it has detected

the presence of an SL-SCH transport block from SCI-1/SCI-2 but has not been able

to decode the transport block. If the device has correctly decoded the SL-SCH trans-

port block it does not provide any Hybrid-ARQ feedback.

In case of NACK-only feedback, multiple devices can share the same PSFCH resource,

that is, the same resource block and phase rotation, see Section 26.3.2. If any device is not

able to decode the SL-SCH and thus provides NACK feedback, the transmitting device

can detect a NACK and initiate a retransmission of the SL-SCH transport block. In con-

trast, in case of ACK/NACK feedback, each receiving device must be assigned its own

PSFCH resource. This can be done by assigning different sets of PSFCH phase rotations

and/or different resource blocks for PSFCH transmission from different devices.
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In case of groupcast transmission with NACK-only feedback there is also a mecha-

nism to limit NACK transmission so that only devices within a certain physical range

from the transmitting device will provide Hybrid-ARQ feedback. This is enabled by

the division of the geographical area in which sidelink communication takes place into

a number of zones. To enable the distance-dependent restriction of Hybrid-ARQ feed-

back, a transmitting device will provide:

• information about the zone within which the device is located

• the range limit within which Hybrid-ARQ feedback should be provided

This information is included within SCI-2, more specifically using the SCI-2B format.

A receiving device is assumed to know its own physical location, for example, by means

of GNSS, and can then, based on the information within the received SCI-2, determine

the distance to the center of the zone indicated by the transmitting device. By comparing

this distance to the range limit provided within SCI-2, the device can determine whether

or not Hybrid-ARQ feedback should be provided. Note that the calculated distance is

not really the distance from the receiving device to the transmitting device but rather the

distance from the receiving device to the center of the zone in which the transmitting

device is located.

26.5.2 Hybrid-ARQ retransmissions
To enable sidelink Hybrid ARQ, a Hybrid-ARQ process number, a new data indicator

and a redundancy-version indictor are all included within the SCI-2. The function of

these parameters is essentially the same as for downlink and uplink Hybrid-ARQ.

For resource-allocation mode 2, the transmitting device can, by itself, decide on a

retransmission based on the received sidelinkHybrid-ARQ feedback. There is, however,

a possibility to configure a maximum number of retransmissions that can be carried out.

For resource-allocation mode 1, Hybrid-ARQ retransmissions are slightly more elab-

orate as any sidelink transmission, including a retransmission, can only take place on a

resource granted by the network. In some cases, a device may already have a grant for

retransmissions (remember that a device may be assigned resources for up to three trans-

missions, that is, two retransmissions, in the same grant). Otherwise, the device must

explicitly request a grant for retransmission from the network. It does so by means of

“Hybrid-ARQ feedback” to the network on a normal PUCCH physical channel. This

device-to-network “Hybrid-ARQ feedback” can, in essence, be seen as a special sched-

uling request that is requesting resources for retransmission of a specific transport block.

This is true also for the case of sidelink transmissions based on configured grants, that is, if

resources are needed for additional retransmissions, beyond those provided for by the

configured grant itself, the device must explicitly make a request for such resources.

The resources are then provided by the network by means of a dynamic grant.
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To enable this kind of TX-device-to-network retransmission request the sidelink

scheduling grant with DCI format 3_0 includes a Hybrid-ARQ process number and

a new data indicator, similar to scheduling grants for PUSCH, see Section 10.1.5. Note

that this Hybrid-ARQ process number and new data indicator are only relevant for the

TX-device/network “Hybrid-ARQ” loop. The process number and new data indicator

conveyed from the transmitting device to the receiving device(s) within the SCI-2 may

or may not the same. Also note that DCI format 3_0 does not include any redundancy-

version indicator, that is, the transmitting device can, by itself, decide on the redundancy

version to use for the sidelink transmission.

26.6 Other sidelink procedures

26.6.1 Sidelink power control
In addition to being assigned or selecting a resource for sidelink transmission, the device

must also determine the transmit power for the sidelink transmission. There are several

mechanisms for this.

First, a maximum sidelink transmit power Pmax, config can be configured as part of the

resource-pool configuration.

Secondly, for devices under network coverage the transmit power for a sidelink trans-

mission can be further limited in order to limit any interference to uplink transmissions

within the cell. This is done by the device estimating the path loss to the cell site and, if

needed, further reducing its maximum sidelink transmit power according to

PTX ,max ¼ min P max,config,P0 + α � PL + 10 � log 10 MRBð Þ� �
where

• P0 is a network-provided parameter that, somewhat simplified, corresponds to the tar-

get maximum received power/interference level per subchannel at the cell site

• PL is the estimate of the device-ot-cell-site path-loss

• α is a network-provided parameter (�1) for fractional path-loss compensation

• MRB corresponds to the bandwidth of the sidelink transmission

This additional restriction of the maximum sidelink transmit power can be applied to all

sidelink transmission scenarios (unicast, groupcast, and broadcast).

Note that the expression for the maximum sidelink transmit power is essentially

a simplified version of the open-loop power-control expression for PUSCH

(Section 15.1.1).

Finally, in case of unicast sidelink transmissions, a receiving device can provide the

transmitting device with Layer-3-filtered RSRP reporting. The RSRP can then be used

by the transmitter to estimate the transmitter-to-receiver path loss and, by means of this,

further match the transmit power to the sidelink channel conditions. Note that this is only
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applicable to PSCCH/PSSCH transmissions, that is, not for the transmission of PSFCH

and PSBCH.

26.6.2 Sidelink channel sounding and CSI reporting
NR sidelink supports sidelink CSI reporting where a receiving device sounds the channel

based on CSI-RS transmitted by another device and reports CSI to the transmitting

device. The reported CSI can then be used, for example, for selection of precoding

for subsequent transmissions to the reporting device.

The sidelink CSI-RS structure re-uses the structure of the downlink CSI-RS, see

Chapter 8, with the following restrictions:

• The number of CSI-RS ports is limited to one or two

• The CSI-RS density is limited to one, that is, CSI-RS is transmitted within every

resource block within the sidelink transmission bandwidth.

Sidelink CSI-RS is only transmitted together with PSSCH/PSCCH, that is, there are no

stand-alone CSI-RSs transmissions, and the presence of CSI-RS within the PSSCH/

PSCCH is indicated within the SCI-2.

An indication of CSI-RS transmission within the SCI-2 also triggers the reporting of

CSI. As there is no sidelink physical channel corresponding to the uplink PUCCH,

reporting of sidelink CSI is done by means of MAC-CE signaling within a PSSCH.

The signaling is limited to rank indication (rank one or two) and four-bit CQI. Thus,

explicit sidelink PMI reporting is not supported.

26.7 Sidelink synchronization

Before devices can engage in sidelink communication, they should acquire a common

timing reference.

For devices within coverage of an overlaid cellular network, such a common timing

reference can be acquired by synchronizing to the cells of the network.f Furthermore, a

device not under direct network coverage can indirectly acquire the common timing

reference by synchronizing to another device that is under network coverage and has

already acquired the common timing reference. The common timing reference can then

be further propagated along a chain of devices as illustrated in Fig. 26.15.

Instead of acquiring the timing reference, either directly or indirectly, from an over-

laid cellular network, a device may alternatively acquire the timing reference from

GNSS. Similar to the case of network-based timing acquisition, acquiring the timing ref-

erence from GNSS may either be direct, if the device is under GNSS coverage, or indi-

rect via another device, see Fig. 26.16.

f Note that this assumes a synchronized network deployment where different cells are operating with a

common timing.
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If there is no network available for synchronization, GNSS-based timing acquisition is

the only alternative. However, even if sidelink communication takes place under net-

work coverage, acquiring the timing reference from GNSS may still be preferred.

One such situation could be if the cells of the overlaid network are not mutually synchro-

nized. The sidelink-related system information in SIB12 provides information if devices

should prioritize network-based or GNSS-based timing acquisition.

Althoughmulti-level synchronization along a chainofdevices as illustrated inFigs. 26.15

and26.16 is possible, it is alwayspreferred for a device to be, synchronization-wise, as close as

possible to the ultimate source of the timing reference (a network cell or GNSS). In other

words, acquiring the timing reference directly from the network/GNSS, if possible, is pre-

ferred over indirectly acquiring it from the network/GNSS via another device. Likewise,

indirectly acquiring the timing reference via a device that is directly synchronized to the net-

work or GNSS is preferred overacquiring it via a device that is, in itself, only indirectly syn-

chronized to the network/GNSS. The sidelink synchronization procedure (Section 26.7.2)

is designed to ensure this.

Note though that all devices within the same area should have the same ultimate tim-

ing reference. Thus, if network-based timing-acquisition is prioritized, even indirect

network-based timing acquisition is prioritized over direct GNSS-based acquisition,

and vice versa.

26.7.1 The sidelink SS/PSBCH block
It should be clear from above that an important component of sidelink synchronization is

the possibility for a device to acquire its timing reference from another device. Such

Fig. 26.16 Direct and indirect GNSS-based timing acquisition.

Fig. 26.15 Direct and indirect (via another device) network-based timing acquisition.
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inter-device synchronization is enabled by the device transmission of a so-called sidelink

SS/PSBCH block or SL-SSB.

As illustrated in Fig. 26.17, the SL-SSB block is transmitted with a periodicity of 16

frames (160ms). As can also be seen in the figure, there can be multiple SL-SSB trans-

missions within each 160ms period (four SL-SSB transmissions assumed in Fig. 26.17).

The overall SL-SSB transmission is thus given by

• The number of SL-SSB transmissions within the 160ms SL-SSB period

• The offset Δoffset (in number of slots) from the start of the SL-SSB period to the start of

the first SL-SSB transmission within the SL-SSB period

• The interval Δint (in number of slots) between consecutive SL-SSB transmissions

Note that the SL-SSB transmissions are not necessarily distributed uniformly over the SL-

SSB period.

It should be pointed out that there are at least two, and in some cases three, different

time-domain structures, or time-domain allocations, for the SL-SSB, which differ in terms of

the offset Δoffset.
g The reason for this is to enable a device to both transmit and receive SL-

SSB without collision between transmission and reception, see further Section 26.7.2.

The basic structure of each SL-SSB is similar to that of the cell SSB (Chapter 16) in the

sense that it consists of

• a sidelink primary synchronization signal (S-PSS)

• a sidelink secondary synchronization signal (S-SSS)

• the physical sidelink broadcast channel (PSBCH) which carries a limited amount of infor-

mation (the sidelink MIB) relevant for the inter-device synchronization.

The specific sequences used for the S-PSS and S-SSS are also the same as for the SSB, that

is, length-127 m-sequences for S-PSS and length-127 Gold sequences for S-SSS.h

However, the time/frequency structure of the SL-SSB, as illustrated in Fig. 26.18, is

somewhat different compared to the structure of the SSB.

As described in Chapter 16, the SSB covers 20 resource blocks (240 sub-carrier spac-

ings) in the frequency domain. However, for the sidelink case, a minimum bandwidth of

Fig. 26.17 Time-domain structure (“time domain allocations”) for SL-SSB transmission assuming four
SL-SSB within the SL-SSB period.

g In principle, the different time allocations may also have different periodicity and different Δint.
h In Chapter 16, the SSS was described as a combination of two m-sequences which is the same as a Gold

sequence.
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20 resource blocks was concluded to be too large. Thus, the SL-SSB is limited to a band-

width of 11 resource blocks or 132 subcarriers.

In the time-domain, the SL-SSB block covers 13 symbols consisting of

• Two symbols for S-PSS, with the same m-sequence being used in the two symbols

• Two symbols for S-SSS, with the same Gold sequence in the two symbols

• Nine symbols for PSBCH

It should be pointed out that the possible limitations in terms of actually available symbols

within a sidelink slot, as discussed in Section 26.2, is not valid for sidelink slots in which

SL-SSB is transmitted.

26.7.2 Synchronization procedure
As described above, similar to the cell SSB, the sidelink synchronization signal consists of

an S-PSS and an S-SSS. In the sidelink case there are 2 different S-PSS and 336 different

S-SSS jointly providing 2 ∙336¼672 different S-PSS/S-SSS combinations correspond-

ing to 672 different sidelink identities. These 672 sidelink identities are divided into two

groups, sometimes referred to as the in-coverage group and out-of-coverage group respectively:

• Group 1 (in-coverage group) corresponding to sidelink identities 0–335
• Group 2 (out-of-coverage group) corresponding to sidelink identities 336–671

A device that acquires its timing reference directly from an overlaid cellular network or

GNSS uses a sidelink identity from the first group of sidelink identities. More specifically,

if the timing is acquired directly from GNSS, the device uses a sidelink identity of 0

(zero). On the other hand, if timing is acquired from an overlaid network, the device

uses a sidelink identity in the range 2–335 with information about the exact sidelink

identity to use being provided as part of the sidelink-related system information in

SIB 12.

In addition, a device that acquires its timing reference directly from an overlaid

cellular network or GNSS should set an in-coverage flag within the sidelink MIB to

TRUE, indicating that it has acquired timing directly from a network or GNSS.

Fig. 26.18 Structure of S-SS/PSBCH.
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A device not within network/GNSS coverage should prioritize synchronization to a

device that is, in itself, within network coverage, that is, prioritize synchronization to a

device for which the in-coverage flag is set to TRUE. If the device finds and synchronize

to such device, it should

• Set its own sidelink identity to the same value as the sidelink identity of the device

from which the timing is acquired

• Set its in-coverage flag to FALSE, indicating that it has not acquired timing directly

from a network or GNSS.

On the other hand, if the device does not find any such device but instead acquires timing

from a device that has, in itself, only indirectly acquired timing, the device should

• Set its own sidelink identity to the corresponding group-2 identity

• Set its in-coverage flag to FALSE

To allow for a device to both receive and transmit SL-SSB, there are, as earlier men-

tioned, two different time allocations for the SL-SSB transmissions. Devices synchro-

nized directly to gNB or GNSS uses time-allocation 1. The time allocation is then

switched for each step in the synchronization chain.

The overall structure of the synchronization chain, including the selection of sidelink

identity and time allocation, as well as the value of the in-coverage flag, is summarized in

Fig. 26.19.

There is an alternative procedure for GNSS-based synchronization when a device is

configured with a third SL-SSB time allocation (“time-allocation 3”), see Fig. 26.20. In

Fig. 26.19 Direct and indirect synchronization based on overlaid network and GNSS respectively.
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this case, a device synchronizing directly with GNSS sets its sidelink identity to 0 (as for

the regular GNSS-based synchronization of Fig. 26.19) but sets its in-coverage flag to

FALSE (despite being within coverage of GNSS) and transmits the SL-SSB using time

allocation 3. Devices that are indirectly synchronized to GNSS will then use a sidelink

identity of 337 (not used in case of the regular GNSS-based synchronization of

Fig. 26.19) and will switch between time-allocation 1 and time-allocation 2. Thus, in

this case it is the use of time-allocation, rather than the in-coverage flag, that indicates

that a device is directly synchronized to GNSS.

This alternative procedure, which was inherited from LTE sidelink, ensures that

devices that synchronize directly with the network or with GNSS transmit SL-SSB using

different time allocations.

26.8 Further sidelink enhancements

Currently, work is ongoing on further evolution/extension of NR sidelink communi-

cation as part of the work on 3GPP release 18 [135]. At this stage, this evolution covers

three different areas.

26.8.1 Enhanced operation in mmwave spectrum (FR2)
Release-16/17 sidelink does not take into account that devices operating in higher

frequency bands are typically equipped with multiple antenna panels, each with a

relatively high degree of directivity. Thus, release 16/17 does not include specific func-

tionality for sidelink beam management, as is supported for conventional NR network-

device communication (see, for example, Chapter 12). However, such functionality is

currently considered as part of the release-18 sidelink evolution. This includes function-

ality for the establishment and maintenance of beam pairs between devices involved

in sidelink communication and the possible introduction of new signal(s)/channel(s) to

support such functionality.

Fig. 26.20 Alternative GNSS-based synchronization using time-allocation 3.
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26.8.2 Support for operation in unlicensed spectrum
Asmentioned already in Chapter 5 and described in detail in Chapter 20, release 16 intro-

duced support for NR operation in unlicensed spectrum. A key part of this was the intro-

duction of channel-access procedures and more flexible timing relations, to enable

operation aligned with the listen-before-talk (LBT) principle.

Release 18 aims to extend the support of operation in unlicensed spectrum to also

include sidelink communication. Similar to the conventional network-device commu-

nication, this includes extending the sidelink channel access, including both mode of

resource allocation (see Section 26.4), and possibly more flexible timing relations, for

example for SL-SSB transmissions.

26.8.3 Carrier aggregation
In addition to the two areas above, release 18 also considers introducing support for car-

rier aggregation for sidelink communication. However, at the time of this writing, this

activity is currently on-hold and it is unclear if sidelink carrier aggregation will be part of

3GPP release 18.
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CHAPTER 27

Positioning

Global navigation satellite systems (GNSS), assisted by cellular networks, have for many

years been used for positioning with GPS probably being the most well-known GNSS

system. Each of the satellites has tightly synchronized clocks and by observing multiple

satellites and measuring the time difference between them it is possible to determine the

geographical position. However, satellite-based systems have very limited coverage in

indoor scenarios. There is a range of applications, for example logistics and manufactur-

ing, that require accurate positioning, not only outdoors but also indoors. NR is there-

fore extended in release 16 to provide better positioning support.

Architecture-wise, NR positioning is based on the use of a location server, similar to

LTE. The location server collects and distributes information related to positioning

(device capabilities, assistance data, measurements, position estimates, and so forth) to

the other entities involved in the positioning procedures. A range of (proprietary) posi-

tioning methods, both downlink-based and uplink-based, can be implemented in the

location server and used separately or in combination, see Fig. 27.1.

Common to all methods, at least those providing very accurate estimates of the posi-

tion, is that tight time synchronization across the sites involved in the positioning of the

device is required. By measuring the time difference between downlink signals transmit-

ted from multiple, time-synchronized sites, the position can be derived using triangula-

tion. This method is often referred to as observed time-difference of arrival (OTDOA) and the

same method can be applied in the uplink. Angle-or-arrival (AoA), roundtrip time

(RTT), cell identity, and received power are other quantities that can be used as input

to a positioning algorithm.

Discussing different positioning algorithms is beyond the scope of this book, but there

is a wide range of methods and result available in the literature, see for example [89,91]. In

the following, some of the enhancements introduced in release 16 to support accurate

positioning will be discussed, both downlink-based and uplink-based positioning. Posi-

tioning support is further enhanced in release 17, although large parts of release 17

focused on understanding error sources and how to handle those, aspects which to a large

extent are not visible in the specifications. Carrier-phase measurements to improve the

positioning accuracy is one topic in release 18 although for such measurements to be use-

ful good phase coherency and line-of-sight propagation conditions from multiple trans-

mitters are required. Sidelink-based positioning is another example of specification work

in release 18.
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27.1 Downlink-based positioning

Downlink-based positioning is supported by providing a new reference signal – the posi-
tioning reference signal (PRS) – and the associated measurement and reporting mechanism.

To position a device, it is configured to measure on multiple positioning reference signals

originating from different sites and report these measurements to the network for further

processing and estimation of the location.

The positioning reference signal is a downlink signal intended for time-of-arrival

measurements. Typically, measurements are carried out on multiple positioning refer-

ence signals originating from multiple as it otherwise would be difficult to determine

the position of the device using, for example, triangulation.Multiple, non-colliding posi-

tioning reference signals are therefore needed, potentially transmitted on different carrier

frequencies. NR uses a hierarchy with positioning frequency layers, PRS resource sets,

and PRS resources to define the structure, see Fig. 27.2.

One positioning frequency layer consists of one or more PRS resource sets across one

or more sites, all with the same carrier frequency and OFDM numerology. A PRS

resource set contains PRS resources originating from the same site (one site may have

more than one PRS resource set). Each PRS resources typically corresponds to a beam

from that site. Thus, by configuring a device to measure on a certain PRS resource in a

Positioning frequency layer

PRS resource set

PRS resource PRS resource

PRS resource set

PRS resource PRS resource

Fig. 27.2 Positioning frequency layer, PRS resource set, and PRS resource.

Report time-of-arrival for received SRSs

Location server

Transmit SRS

Report time-of-arrival 
difference for received PRSs

Location server

Measure on PRSs

Downlink-based positioning Uplink-based positioning

Fig. 27.1 Examples of downlink-based (left) and uplink-based (right) positioning.

590 5G/5G-Advanced

https://t.me/learningnets



PRS resource set, the location server obtains knowledge not only about which site the

reported measurements for this PRS resource set corresponds to, but also the particular

beam the from that site.

A positioning reference signal is transmitted using one PRS resource and it is upon

this reference signal the device performs the positioning-related measurements. The basis

for the PRS resource is a so-called permuted staggered comb. Permuted in this context

means that the comb in the different OFDM symbols has a different and not necessarily

monotonically increasing offset in the frequency domain. This provides benefits com-

pared to a non-permuted pattern in case coherent combining cannot be done across

all OFDM symbols in the PRS resource but only a subset of them. An example is pro-

vided in Fig. 27.3 where every sixth subcarrier in 12 consecutive OFDM symbols is used

for the PRS resource. The frequency offset from the edge of a resource block is 0, 3, 1, 4,

2, 5 for the six first OFDM symbols (a non-permuted comb would have offsets the cor-

responding offset set to 0, 1, 2, 3, 4, 5). The comb factor can be set to 2, 4, 6, or 12 sub-

carriers, that is, every 2nd to every 12th subcarrier is used for the comb. The use of a

comb allows several simultaneous PRSs to be multiplexed by using different combs.

In the time domain 2, 4, 6, or 12 OFDM symbols are used for one PRS resource.

In the frequency domain, a PRS resource can be configured to have a bandwidth up

to 272 resource blocks with all PRS resources in a PRS resource set having the same

bandwidth and location in the frequency domain (defined relative to point A). Note that

the PRS resource is defined independent of any bandwidth parts and may have a band-

width larger than the active bandwidth part. The bandwidth uponwhich the device mea-

sures is left for implementation as long as the measurement accuracy requirements are

fulfilled.

In the time domain, a PRS resource occurs periodically in each cell with the period-

icity configurable from a fewmilliseconds up to 10 s. Different PRS resources in the same

PRS resource set may have different starting points and periodicities.

One slot

Fig. 27.3 Example of a PRS resource with a permuted staggered comb.
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The actual positioning reference signal transmitted in a PRS resource is a QPSK-

modulated PN sequence with configurable seed, punctured into the data transmission.

Puncturing, as opposed to rate matching the PDSCH around the PRS, is used as devices

not supporting positioning, and hence not being aware of the PRS resource configura-

tion, cannot perform rate matching around the PRS resources. If the PRS-to-PDSCH

interference is an issue, the gNB implementation can always schedule such that collisions

between PRS and PDSCH are avoided.

Compared to LTE-based positioning, the NR PRS design is significantly better. First

and foremost, the wider bandwidth possible in NR will give more accurate measure-

ments. The structure where different PRS resources (with different identities) are used

in different beams can be used to estimate the angle-of-arrival relative to the device.

Note that some of the positioning reference signal configurations are identical to the

TRS. This allows the TRS to be reused for positioning purposes, which can be useful as a

way to reduce overhead, albeit with a reduced performance compared to an unrestricted

PRS configuration.

The PRS is transmitted on antenna ports in the 5000 series. Quasi-colocation can be

configured and a PRS can be quasi-collocated with other PRSs or with the SSB.

A single PRS occasion may not result in sufficiently accurate measurements. There-

fore, a PRS resource can be repeated in time as illustrated in Fig. 27.4. Up to 32 repe-

titions can be configured. The repetition pattern is specified not only by the repetition

factor (4 in the example in the figure) but also by a time gap (8 and 1 in the figure).

Together with different starting points in time, both sweep-and-repeat and repeat-

and-sweep patterns can be configured in a multi-antenna system using beam sweeping.

This provide flexibility to handle different beamforming strategies.

The use of orthogonal combs as described here allows for multiplexing of multiple

positioning reference signals by using different, orthogonal combs. However, since

the device needs to listen to positioning reference signals also from more distant sites,

the near-far issue must be accounted for. Receiving a relatively weak signal from a distant

time

time
PRS resource set periodicity

PRS resource #1
PRS resource #2
PRS resource #3

time gap = 8

time gap = 1

”sweep-and-repeat”

”repeat-and-sweep”
repetition factor = 4

Fig. 27.4 Example of PRS resource configuration.
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base station simultaneously with a more closely located base station is transmitting may

not be possible, regardless of whether different frequency-domain resources are used –
there is not sufficient dynamic range in the receiver to handle both of the signals. There-

fore, a mechanism to ensure that the near base station is silent while measuring on the

distant base station is required. This is achieved by specifying different muting patterns

using a bitmap. There are multiple possibilities of specifying the muting pattern, but one

example is provided in Fig. 27.5. When a bit in the bitmap is zero, the positioning ref-

erence signals at the corresponding time instant are not transmitted. Combined with not

transmitting data from that site at the same time instant, the net effect is a silence gap from

a particular site which allows the device to measure on a positing reference signal from a

more distant base station.

Together with the introduction of the positioning reference signals, new measure-

ments are introduced as well to support downlink-based positioning. Three measure-

ments on the positioning reference signals are defined: positioning reference signal

received power (PRS-RSRP), relative-signal-time-difference measurement (RSTD),

and Rx-Tx time difference. The measurements can be performed in connected state

and, from release 17, also in inactive state.

The positioning reference signal received power (PRS-RSRP) is, as the name indi-

cated, the received power of the positioning reference signal. The primary usage for the

PRS-RSRP is in combination with other positioning techniques. For example, it can be

used as part of fingerprinting or as complementary input when assessing the accuracy of

other PRS-related measurements. In release 17, it is possible to report not just the com-

posite PRS-RSRP but also the received power for the individual propagation paths. It is

also possible to report whether a measurement is, based on a device estimate, obtained

from a line-of-sight path or not. This can be used by the network to distinguish line-

of-sight propagation from non-line-of-sight propagation and thereby provide better

positioning estimates. Furthermore, the network can provide beam-related angle-

of-departure information to the device to assist in more accurate RSRP measurements.

The relative-signal-time-difference measurement is a measure of the difference in

reception time for two positioning reference signals transmitted by two different nodes.

It is a highly useful signal for positioning purposes, for example when doing triangulation.

The Rx-Tx time difference is a report from the device about the time difference

between the start of a downlink frame and the start of the corresponding uplink frame.

time

1 1 0 1 muting pattern

positioning reference signals muted

Fig. 27.5 Muting of positioning reference signals.
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This measurement is not restricted to the serving cell only – in which case the measure-

ment in principle corresponds to the timing advance – but can measure the time differ-

ence relative to and PRS configuration, including those transmitted from other cells. The

time difference can be used by the LPP in roundtrip-time (RTT) based positioning

schemes where the distance between a base station and a device can be determined based

on the estimated RTT. By combining several such RTT measurements, involving dif-

ferent base stations, the position can be determined.

There are also other measurements, originally defined for other purposes such as

handover, that can be used as input to the positioning algorithm. The different variants

of the RSRP measurement based on the SSB or CSI-RS is one example of a measure-

ment that can be used in a similar way as the PRS-RSRP.

27.2 Uplink-based positioning

Uplink-based positioning is based on sounding reference signals (SRSs) transmitted from

the devices. To better support positioning, the SRS structure is extended in several ways.

First, the duration in time is extended and can be to up to 12 OFDM symbols instead

of 4 OFDM symbols. The reason for this is to ensure a sufficiently good signal-to-noise

ratio for accurate measurements in the gNB. The starting point is also more flexible to

account for the increased duration; an SRS can be transmitted anywhere within a slot and

not only in the last six OFDM symbols as is the case in release 15. Note that the added

flexibility in the time domain is needed as part of supporting unlicensed spectra as well as

mentioned in Chapter 20. This is not the only example where an extension is useful for

more than one purpose and underlines the fact that the NR specifications is a set of

generic “tools” rather than a description of which “tool” to use for what scenario.

Second, in the frequency domain the largest comb size of the SRS is increased to up to

8. This allows multiplexing of a larger number of devices. Similar to the downlink PRS, a

“permuted” comb is used for positioning purposes, see Fig. 27.6 for an example. Fre-

quency hopping is not supported for SRS-based positioning.

SRS for positioningSRS in release 15

Fig. 27.6 Example of SRS configurations.
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For the same reasons as in the downlink, additional measurements are specified to

support uplink-based positioning. Four new gNB measurements are defined: relative

time-of-arrival, Rx–Tx time difference, angle of arrival, and SRS reference signal

received power.

The relative time-of-arrival measures the arrival time of the SRS relative to a con-

figurable time reference. Rx–Tx time difference is similar but with the subframe bound-

ary as the reference. Hence, it reports the arrival time of the SRS relative to the nearest

downlink subframe boundary.

Angle-of-arrival is the angle of arrival for the signal transmitted by the device relative

to either a global reference or the geographical North pole and the zenith, or relative to a

local coordinate system. In a fixed-beam system this in practice corresponds to the direc-

tion of the beam receiving the signal.

The sounding reference signal received power (SRS-RSRP) is similar to its downlink

counterpart, namely the received power of the sounding reference signal. It can for

example be used for fingerprinting schemes. In release 17, the SRS-RSRP can be

reported per detected propagation path, similar to the case for the downlink PRS-RSRP.
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CHAPTER 28

RF characteristics

The RF characteristics of NR are strongly tied to the spectrum available for 5G as

described in Chapter 3 and the spectrum flexibility required to operate in those spectrum

allocations. While spectrum flexibility has been a cornerstone for previous generations of

mobile systems, this becomes even more accentuated for NR. It consists of several com-

ponents, including deployment in different-sized spectrum allocations and diverse fre-

quency ranges, both in paired and unpaired frequency bands and with aggregation of

different frequency allocations within and between different bands. NR also has the capa-

bility to operate with mixed numerology on the same RF carrier and has an even higher

flexibility than LTE in terms of frequency domain scheduling andmultiplexing of devices

within a base stationRF carrier. It is the use of OFDM inNR that gives flexibility both in

terms of the size of the spectrum allocation needed and in the instantaneous transmission

bandwidth used, and that enables frequency-domain scheduling.

Implementation of Active Antenna Systems (AAS) and multiple antennas in devices

has been in use for LTE, but is taken one step further in NR, which supports massive

MIMO and beam-forming applications both in existing bands and in the new mm-wave

bands. Beyond the physical layer implications, this impacts the RF implementation in

terms of filters, amplifiers, and all other RF components that are used to transmit and

receive the signal and must be defined taking also the spectrum flexibility into account.

These are further discussed in Chapter 29.

Note that for the purpose of definingRF characteristics, the physical representation of

the gNB is called a base station (BS). A base station is defined with interfaces where the

RF requirements are specified, either as conducted requirements at one or more antenna

port(s) or as radiated requirements over-the-air (OTA).

28.1 Spectrum flexibility implications

Spectrum flexibility was a fundamental requirement for LTE and it had major implica-

tions for how LTEwas specified. The need for spectrum flexibility is even higher for NR,

because of the diverse spectrum where NR needs to operate and the way the physical

layer is designed to meet the key characteristics required for 5G. The following are some

important aspects impacting how the RF characteristics are defined:

• Diverse spectrum allocations: The spectrum used for 3G and 4G is already very diverse in

terms of the sizes of the frequency of operation, bandwidth allocations, how they are
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arranged (paired and unpaired), and what the related regulation is. For NR it is even

more diverse, with the fundamental frequency varying from 600MHz up to 71GHz in

Rel-16, which is the maximum frequency presently identified for IMT in ITU-R.

The size of allocated bands where NR is to be deployed varies from 5MHz to

14GHz, with both paired and unpaired allocations, where the intention is to use some

allocations as supplementary downlinks or uplinks together with other paired bands.

The spectrum that is planned and under investigation to be used for 5G and the related

operating bands defined for NR is described in Chapter 3.

• Various spectrum block definitions: Within the diverse spectrum allocations, spectrum

blocks are assigned for NR deployment, usually through operator licenses. The exact

frequency boundaries of the blocks can vary between countries and regions and it must

be possible to place the RF carriers in positions where the blocks are used efficiently

without wasting spectrum. This puts specific requirements on the channel raster to use

for placing carriers.

• LTE-NR coexistence: The LTE/NR coexistence in the same spectrum makes it pos-

sible to deploy NR with in-carrier coexistence in both uplink and downlink of exist-

ing LTE deployments. This is further described in Chapter 18. Since the coexisting

NR and LTE carriers need to be subcarrier-aligned, this poses restrictions on the

NR channel raster in order to align the placing of NR and LTE carriers.

• Multiple and mixed numerologies: As described in Section 7.1, the transmission

scheme for NR has a high flexibility and supports multiple numerologies with sub-

carrier spacings ranging from 15 to 960kHz, with direct implications for the time

and frequency domain structure. The subcarrier spacing has implications for the

RF in terms of the roll-off of the transmitted spectrum, which impact the resulting

guard bands that are needed between the transmitted resource blocks. The guard bands

define the RF carrier edges that are used as reference points for RF requirements (see

Section 28.3). NR also supports mixed numerologies on the same carrier, which has

further RF impacts since the guard bands may need to be different at the two edges of

the RF carrier.

• Independent channel bandwidth definitions.NR devices do in general not receive or trans-

mit using the full channel bandwidth of the BS but can be assigned what is called a

bandwidth part (see Section 7.4). While the concept does not have any direct RF

implications, it is important to note that BS and device channel bandwidth are defined

independently, and that the device bandwidth capability does not have to match the

BS channel bandwidth.

• Variation of duplex schemes: As shown in Section 7.2, a single frame structure is

defined in NR that supports TDD, FDD, and half-duplex FDD. The duplex

method is specifically defined for each operating band defined for NR as shown

in Chapter 3. Some bands are also defined as supplementary downlink (SDL) or

supplementary uplink (SUL) to be used in FDD operation. This is further

described in Section 7.7.
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Many of the frequency bands identified for deployment of NR are existing bands iden-

tified for IMT (see Chapter 3) and they may already have 2G, 3G, and/or 4G systems

deployed. Many bands are also in some regions defined and regulated in a

“technology-neutral” manner, which means that coexistence between different technol-

ogies is a requirement. The capability to operate in this wide range of bands for any

mobile system, including NR, has direct implications for the RF requirements and

how those are defined, in order to support the following:

• Coexistence between operators in the same geographical area: Operators may deploy NR or

other IMT technologies, such as LTE, UTRA, or GSM/EDGE in different bands.

There may in some cases also be non-IMT technologies. Coexistence requirements

between technologies in both the same and different bands are to a large extent devel-

oped within 3GPP, but there may also be regional requirements defined by regulatory

bodies in certain cases.

• Co-location of base station equipment between operators: There are in many cases limitations

to where base-station equipment can be deployed. Often, sites must be shared

between operators, or an operator will deploy multiple technologies in one site. This

puts additional requirements on both base station receivers and transmitters to operate

in close proximity to other base stations, even if they operate in different bands.

• Coexistence with services in adjacent frequency bands and across country borders: The use of the

RF spectrum is regulated through complex international agreements, involving many

interests. There are therefore requirements for coordination between operators in dif-

ferent countries and for coexistence with services in adjacent frequency bands. Most of

these are defined in different regulatory bodies. In some cases, the regulators request

that 3GPP includes such coexistence limits in the 3GPP specifications.

• Coexistence between operators of TDD systems in different parts of the same band is in

general provided by inter-operator synchronization, in order to avoid interference

between downlink and uplink transmissions of different operators. This means that

all operators need to have the same downlink/uplink configurations and frame syn-

chronization, which is not in itself an RF requirement, but it is implicitly assumed

in the 3GPP specifications. RF requirements for unsynchronized systems become

much stricter, but are not defined by 3GPP.

• Release-independent frequency-band principles: Frequency bands are defined regionally,

and new bands are added continuously for each generation of mobile systems. This

means that every new release of 3GPP specifications will have new bands added.

Through the “release independence” principle, it is possible to design devices based

on an early release of 3GPP specifications that support a frequency band added in a

later release. The first set of NR bands (see Chapter 3) is defined in release 15 and

additional bands are added in a release-independent way for subsequent releases.

• Aggregation of spectrum allocations: Operators of mobile systems have quite diverse spec-

trum allocations, which in many cases do not consist of a block that easily fits exactly
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within one carrier. The allocation may even be noncontiguous, consisting of multiple

blocks spread out in a band or in multiple bands. For these scenarios, the NR spec-

ifications supports carrier aggregation, where multiple carriers within a band, or in mul-

tiple bands, can be combined to create larger transmission bandwidths.

28.2 RF requirements in different Frequency Ranges

As discussed above and in Chapter 3, there is a very wide range of diverse spectrum allo-

cations where NR can operate. The allocations vary in block size, channel bandwidth

and duplex spacing supported, but what really differentiates NR from previous genera-

tions is the wide frequency range over which requirements need to be defined, where not

only the requirement limits but also the definitions and conformance testing aspects may

be quite different at different frequencies. Measurement equipment, such as spectrum

analyzers, become more complex and expensive at higher frequencies and for the highest

frequencies considered, including the harmonics of the highest possible carrier frequen-

cies, requirements may not even be possible to test in a reasonable way.

For this reason, the RF requirements for both devices and base stations are divided

into frequency ranges (FRs), where presently three are defined in 3GPP release 16 as shown

in Table 28.1. The frequency range concept is not intended to be static. If new NR

band(s) are added that are outside the existing frequency ranges, one of them could be

extended to cover the new band(s) if the requirements align well with that range. If there

are large differences compared to existing FR, a new frequency range could be defined

for the new band. 3GPP Rel-16 had two frequency ranges defined (FR1 and FR2). The

extension to higher frequencies in Rel-17 was done by extending FR2, but at the same

time introducing a separate identification FR2–2 for the new range.

The frequency ranges are also illustrated in Fig. 28.1 on a logarithmic scale, where the

related bands identified for IMT (in at least one region) are shown. FR1 starts at 410MHz

at the first IMT allocation and ends at 7.125GHz. FR1was originally defined from 450 to

6000MHz, but this was later extended to cover neighboring ranges that were considered

for the specifications.

FR2 in Rel-16 covered a subset of the new bands in the mm-wave range up to

52.6GHz that are identified for IMT by the ITU-R (see Section 3.1). With the intro-

duction of higher bands in Rel-17, FR2 was extended to 71GHz and was at the same

Table 28.1 Frequency ranges defined in 3GPP release 15.

Frequency range designation Corresponding frequency range

Frequency range 1 (FR1) 410–7125MHz

Frequency range 2-1 (FR2-1) 24,250MHz–52,600MHz

Frequency range 2-2 (FR2-2) 52,600–71,000MHz
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time split into FR2-1 and FR2-2. The reason is that some aspects related to the new

higher bands needed separate descriptions in the specification for the new higher range,

while many other aspects still remain common. The term FR2 is therefore used for any

aspects common to the full range 24.25GHz to 71GHz.

For the frequency range between FR1 and FR2-1 (7125 to 24,250MHz), 3GPP

studied the feasibility of NR operation and how it would impact specifications [106].

It could either result in further extensions of FR1 and FR2 within the new range, or

the definition of a new FR3. The latter option has more far-reaching impacts on the spec-

ifications, not only for RF specifications, but also in specifications for Physical layer,

Radio resource control and Radio resource management. Within ITU-R, there is an

agenda item created for the coming WRC-23 to consider the band 10.0–10.5GHz

for IMT identification. There may also be regional or national allocations introduced

for IMT in the range between FR1 and FR2.

For frequencies above 52.6GHz in FR2-2, feasibility was studied by 3GPP and a

work item completed in Rel-17 for NR operation in the range 52.6–71GHz. Note that

WRC-19 identified the frequency range 66–71GHz for IMT operation in certain

regions. The outcome of WRC-19, as well as the new bands to be considered for

IMT at WRC-23 are further discussed in Section 3.1.1.

All existing LTE bands are within FR1 and NR thus needs to coexist with LTE and

previous generations of systems in many of the FR1 bands. It is only in what is often

referred to as the “mid bands” around 3.5GHz (in fact spanning 3.3 to 5GHz) that

NR to a larger extent can be deployed in a “new” spectrum, that is spectrum previously

not exploited for mobile services. FR2 covers a part of what is often referred to as the

mm-wave band (strictly, mm-wave starts at 30GHz with 10mm wavelength). At such

high frequencies compared to FR1, propagation properties are different, with less diffrac-

tion, higher penetration losses, and in general higher path losses. This can be

Bands with IMT identification in at least one region

FR2-1

Bands with IMT identification in at least one region

FR1

600 1000800 60001500 [MHz]

10060403002 80 [GHz]

2000 3000 4000400

IMT 
identification

70005000

FR2-2

Fig. 28.1 Frequency ranges FR1 and FR2 and corresponding IMT identifications (in blue—gray color in
print version). Note that the frequency scales are logarithmic.
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compensated for by having more antenna elements both at the transmitter and receiver,

to be used for narrower antenna beams with higher gain and for massive MIMO. This

gives overall different coexistence properties and therefore leads to different RF require-

ments for coexistence. mm-wave RF implementation for FR2 bands also have different

complexity and performance compared to FR1 bands, impacting all components includ-

ing A/D and D/A converters, LO generation, PA efficiency, filtering, etc. This is further

discussed in Chapter 29.

28.3 Channel bandwidth and spectrum utilization

The operating bands defined for NR have a very large variation in bandwidth, as

shown in Chapter 3. The spectrum available for uplink or downlink can be as small

as 5MHz in some LTE re-farming bands, while it is up to 900MHz in “new” bands

for NR in frequency range 1, and up to several GHz in frequency range 2. The spec-

trum blocks available for a single operator are often smaller than this. Furthermore, the

migration to NR in operating bands currently used for other radio-access technologies

such as LTE, must often take place gradually to ensure that a sufficient amount of

spectrum remains to support the existing users. Thus, the amount of spectrum that

can initially be migrated to NR can be relatively small but may then gradually increase.

The variation of the size of spectrum blocks and possible spectrum scenarios implies a

requirement for very high spectrum flexibility for NR in terms of the transmission

bandwidths supported.

The fundamental bandwidth of an NR carrier is called the channel bandwidth

(BWChannel) and is a fundamental parameter for defining most of the NR RF require-

ments. The spectrum flexibility requirement points out the need for NR to be scalable

in the frequency domain over a large range. In order to limit implementation complexity,

only a limited set of bandwidths is defined in the RF specifications. Channel bandwidths

from 5 to 100MHz in FR1 and from 100 to 2000MHz inFR2 are supported.

The bandwidth of a carrier is related to the spectrum utilization, which is the fraction

of a channel bandwidth occupied by the physical resource blocks. In LTE, the maximum

spectrum utilization was 90%, but a higher number has been targeted for NR to achieve a

higher spectrum efficiency. Considerations however must be taken for the numerology

(subcarrier spacing), which impacts the OFDM waveform roll-off, and for the imple-

mentation of filtering and windowing solutions. In addition, spectrum utilization is

related to the achievable error vector magnitude (EVM) and transmitter unwanted emis-

sions, and also to receiver performance including adjacent channel selectivity (ACS). The

spectrum utilization is specified as a maximum number of physical resource blocks,

NRB, which is the maximum possible transmission bandwidth configuration, defined

separately for each possible channel bandwidth.
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What the spectrum utilization ultimately defines is a guard band at each edge of the

RF carrier, as shown in Fig. 28.2. Outside of the guard band and thereby outside the RF

channel bandwidth, the “external” RF requirements such as unwanted emissions are

defined, while only requirements on the actual RF carrier such as EVM are defined

inside. For a channel bandwidth BWChannel, the guard band will be

WGuard ¼ BWChannel �NRB∙12∙Df � Df
2

(28.1)

where NRB is the maximum number of resource blocks possible and Df is the subcarrier
spacing. The extra Df/2 guard applied on each side of the carrier is due to the relation to

the RF channel raster, which has a subcarrier-based granularity and is defined indepen-

dent of the actual spectrum blocks. It may therefore not be possible to place a carrier

exactly in the center of a spectrum block and an extra guard of Df/2 on each side of

the transmission bandwidth will be required to make sure RF requirements can be met.

As shown in Eq. (28.1), the guard band and thereby the spectrum utilization depends

on the numerology applied. As described in Section 7.3, different bandwidths are possible

depending on the subcarrier spacing of the numerology, since the maximum value for

NRB is 275. In order to have reasonable spectrum utilization, values of NRB below 11

are not used either. The result is a range of possible channel bandwidths and correspond-

ing spectrum utilization numbers defined for NR, as shown in Table 28.2. Note that the

subcarrier spacing used differs between frequency ranges 1 and 2. The spectrum

f

Transmission Bandwidth Configuration NRB

Channel Bandwidth BWChannel

Spectrum
emissions

……

Δf

Δf/2

WGuard

Guard
Band

WGuard

Δf/2

Fig. 28.2 The channel bandwidth for one RF carrier and the corresponding transmission bandwidth
configuration.
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utilization expressed as a fraction is up to 98% for the widest channel bandwidths and it is

above 90% for all cases, except for the smaller bandwidths, where NRB�25.

Since the channel bandwidth is defined independently for base stations and devices

(see earlier and in Section 7.4), the actual channel bandwidths that are supported by

the base station and device specifications are also different. For a specific bandwidth, the

supported spectrum utilization is however the same for base station and device, if the

combination of bandwidth and subcarrier spacing is supported by both.

28.4 Overall structure of device RF requirements

The differences in coexistence properties and implementation between FR1 and FR2

mean that device RF requirements for NR are defined separately for FR1 and FR2.

For a more detailed discussion of the implementation aspects in FR2 using mm-wave

technology for devices and base stations, see Chapter 29.

For LTE and previous generations, RF requirements have in general been specified as

conducted requirements that are defined and measured at an antenna connector. This is

also the way much of the fundamental regulation is written. Since antennas are normally

not detachable on a device, this is done at an antenna test port. Device requirements in

FR1 are defined in this way.

With the higher number of antenna elements for operation in FR2 and the high level

of integration expected when using mm-wave technology, conducted requirements are

no longer seen as feasible. FR2 are therefore specified with radiated requirements and

testing is done OTA. While this is an extra challenge when defining requirements, in

particular for testing, it is seen as a necessity for FR2.

Table 28.2 Range of channel bandwidths and spectrum utilization numbers defined for the different
numerologies and frequency ranges in Rel-17.

Frequency
range

Set of BWChannel used
in frequency range
(MHz)

SCS
(kHz)

Range of possible
BWChannel per SCS
(MHz)

Corresponding range
for spectrum
utilization (NRB)

FR1 5, 10, 15, 20, 25, 30,

40, 50, 60, 70, 80, 90,

100

15 5–50 25–270
30 5–100 11–273
60 10–100 11–135

FR2-1 50, 100, 200, 400 60 50–200 66–264
120 50–400 32–264

FR2-2 100, 400, 800, 1600,

2000

120 100–400 66–264
480 400–1600 66–248
960 400–2000 33–148
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There is also a set of device requirements for interworking with other radios within

the same device. This concerns primarily interworking with LTE for non-standalone

(NSA) operation and interworking between FR1 and FR2 radios for carrier aggregation.

Finally, there is a set of device performance requirements, which set the baseband

demodulation performance of physical channels of the device receiver across a range

of conditions, including propagation in different environments.

Because of the differences between the different types of requirements, the specifica-

tion for device RF characteristics is separated into four different parts, where the device is

called user equipment (UE) in 3GPP specifications:

• TS 38.101-1 [5]: UE radio transmission and reception, FR1;

• TS 38.101-2 [6]: UE radio transmission and reception, FR2;

• TS 38.101-3 [7]: UE radio transmission and reception, interworking with other

radios;

• TS 38.101-4 [8]: UE radio transmission and reception, performance requirements.

The conducted RF requirements for FR1 are described in Sections 28.6–28.11.

28.5 Overall structure of base station RF requirements

28.5.1 Conducted and radiated RF requirements for NR BS
For the continuing evolution of mobile systems, AAS have an increasing importance.

While there were several attempts to develop and deploy base stations with passive

antenna arrays of different kinds for many years, there have been no specific RF require-

ments associated with such antenna systems. With RF requirements in general defined at

the base station RF antenna connector, the antennas have also not been seen as part of the

base station, at least not from a standardization point of view.

Requirements specified at an antenna connector are referred to as conducted require-

ments, usually defined as a power level (absolute or relative) measured at the antenna con-

nector. Most emission limits in regulation are defined as conducted requirements. An

alternative way is to define a radiated requirement, which is assessed including the

antenna, often accounting for the antenna gain in a specific direction. Radiated require-

ments demand more complex OTA test procedures, using for example an anechoic

chamber. With OTA testing, the spatial characteristics of the whole BS, including the

antenna system, can be assessed.

For base stations with AAS, where the active parts of the transmitter and receiver may

be an integral part of the antenna system, it is not always suitable to maintain the tradi-

tional definition of requirements at the antenna connector. For this purpose, 3GPP

developed RF requirements in release 13 for AAS base stations in a set of separate RF

specifications that were applicable to both LTE and UTRA equipment.
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For NR, radiated RF requirements and OTA testing are part of the specifications

from the start, both in FR1 and FR2. Much of the work from AAS has therefore been

taken directly into the NR specifications. The term AAS as such is not used within the

NR base-station RF specification [4]; however requirements are instead defined for dif-

ferent BS types. NR is also included together with LTE and UTRA in the original AAS

specifications in release 15.

The AAS BS requirements are based on a generalized AAS BS radio architecture, as

shown in Fig. 28.3. The architecture consists of a transceiver unit array that is connected to a

composite antenna that contains a radio distribution network and an antenna array. The trans-

ceiver unit array contains multiple transmitter and receiver units. These are connected to

the composite antenna through a number of connectors on the transceiver array boundary

(TAB). These TAB connectors correspond to the antenna connectors on a non-AAS base

station and serve as a reference point for conducted requirements. The radio distribution

network is passive and distributes the transmitter outputs to the corresponding antenna

elements and vice versa for the receiver inputs. Note that the actual implementation of an

AAS BS may look different in terms of physical location of the different parts, array

geometry, type of antenna elements used, etc.

Based on the architecture in Fig. 28.3, there are two types of requirements defined:

• Conducted requirements are defined for each RF characteristic at an individual or a group

of TAB connectors. The conducted requirements are defined in such a way that they

are in a sense “equivalent” to the corresponding conducted requirement for a non-

AAS base station, that is, the performance of the system or the impact on other systems

is expected to be the same.

Transceiver Unit #1

Transceiver Unit Array

Transceiver Unit #2

Transceiver Unit #N

…

Radio 
Distribution 

Network
Antenna

Array

…
…

…

#1

Transceiver Array 
Boundary (TAB)

TAB
connector

#M

Far Field
region

Composite antenna

Radiated Interface
Boundary (RIB)

Fig. 28.3 Generalized radio architecture of an Active Antenna System (AAS), used also for the NR
radiated requirements.
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• Radiated requirements are defined OTA in the far field of the antenna system. Since the

spatial direction becomes relevant in this case, it is detailed for each requirement how it

applies. Radiated requirements are defined with reference to a radiated interface bound-

ary (RIB), somewhere in the far-field region.

28.5.2 BS types in different frequency ranges for NR
A number of different base-station design possibilities have to be considered for the RF

requirements. First in FR1, there are base stations built in a way similar to “classical” 3G

and 4G base stations with antenna connectors through which external antennas are con-

nected. Then we have base stations with AAS, but where antenna connectors can still be

accessed for definition and testing of some RF requirements. Finally, we have base sta-

tions with highly integrated antenna systems where all requirements must be assessed

OTA, since there are no antenna connectors. It is assumed that in FR2 where mm-wave

technology is used for implementation of the antenna systems, only the latter type of base

station needs to be specified.

3GPP has defined four base station types based on these assumptions, with reference

to the architecture defined above in Fig. 28.3:

• BS type 1-C: NR base station operating in FR1, specified only with conducted

requirements defined at individual antenna connectors.

• BS type 1-O: NR base station operating in FR1, specified only with conducted (OTA)

requirements defined at the RIB.

• BS type 1-H: NR base station operating at FR1, specified with a “hybrid” set of

requirements consisting of both conducted requirements defined at individual TAB

connectors and some OTA requirements defined at the RIB.

• BS type 2-O: NR base station operating in FR2, specified only with conducted (OTA)

requirements defined at the RIB.

BS type 1-C has requirements defined in the same way as for UTRA or LTE conducted

requirements. These are described in Sections 28.6–28.11.
BS type 1-H corresponds to the first type of AAS base stations specified for LTE/

UTRA in 3GPP Release 13, where two radiated requirements are defined (radiated trans-

mit power andOTA sensitivity), while all others are defined as conducted requirements, as

described in Sections 28.6–28.11. Many conducted requirements, such as unwanted emis-

sion limits, are for BS type 1-H defined in two steps. First a basic limit is defined, which is

identical to the conducted limit at an individual antenna connector for BS type 1-C and

thereby equivalent to the limit at a TAB connector for BS type 1-H. In a second step, the

basic limit is converted to a radiated limit at the RIB through a scaling factor based on the

number of active transmitter units. The scaling is capped at a maximum of 8 (9dB), which

is the maximum number of antenna elements used in defining certain regulatory limits.

Note that the maximum scaling may vary depending on regional regulation.
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BS type 1-O and BS type 2-O have all requirements defined as radiated. BS type 1-O

has many requirements defined with reference to the corresponding FR1 conducted

requirements, where unwanted emission limits also have a scaling applied as for BS type

1-H. The overall differences in coexistence properties and implementation between FR1

and FR2 mean that BS type 2-O has separate FR2 requirements defined that in many

cases are different from the FR1 requirements for BS type 1-O.

An overview of the radiated requirements used for BS types 1-O and 2-O, and to

some extent for BS type 1-H, is given in Section 28.12.

28.6 Overview of conducted RF requirements for NR

The RF requirements define the receiver and transmitter RF characteristics of a base sta-

tion or device. The base station is the physical node that transmits and receives RF signals

on one or more antenna connectors. Note that anNRbase station is not the same thing as

a gNB, which is the corresponding logical node in the radio-access network (see

Chapter 6). The device is denoted UE in all RF specifications. Conducted RF require-

ments are defined for operating bands in FR1, while only radiated (OTA) requirements

are defined for operating bands in FR2 (see Section 28.12).

The set of conducted RF requirements defined for NR is fundamentally the same as

those defined for LTE or any other radio system. Some requirements are also based on

regulatory requirements and are more concerned with the frequency band of operation

and/or the place where the system is deployed, than with the type of system.

What is particular to NR is the flexible channel bandwidths and multiple numerol-

ogies of the system, which makes some requirements more complex to define. These

properties have special implications for the transmitter requirements on unwanted emis-

sions, where the definition of the limits in international regulation depends on the chan-

nel bandwidth. Such limits are harder to define for a system where the base station may

operate with multiple channel bandwidths and where the device may vary its channel

bandwidth of operation. The properties of the flexible OFDM-based physical layer also

have implications for specifying the transmitter modulation quality and how to define the

receiver selectivity and blocking requirements. Note that the channel bandwidth in gen-

eral is different for the BS and the device as discussed in Section 28.3.

The type of transmitter requirements defined for the device is very similar to what is

defined for the base station, and the definitions of the requirements are often similar. The

output power levels are, however, considerably lower for a device, while the restrictions

on the device implementation are much higher. There is tight pressure on cost and com-

plexity for all telecommunications equipment, but this is much more pronounced for

devices, due to the scale of the total market, being close to two billion devices per year.

In cases where there are differences in how requirements are defined between device and

base station, they are treated separately in this chapter.
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The detailed background of the conducted RF requirements for NR is described in

[70,71]. The conducted RF requirements for the base station are specified in [4] and for

the device in [5]. The RF requirements are divided into transmitter and receiver char-

acteristics. There are also performance characteristics for base stations and devices that

define the receiver baseband performance for all physical channels under different prop-

agation conditions. These are not strictly RF requirements, though the performance will

also depend on the RF to some extent.

Each RF requirement has a corresponding test defined in the NR test specifications

for the base station and the device. These specifications define the test setup, test proce-

dure, test signals, test tolerances, etc. needed to show compliance with the RF and per-

formance requirements.

28.6.1 Conducted transmitter characteristics
The transmitter characteristics define RF requirements for the wanted signal transmitted

from the device and the base station, but also for the unavoidable unwanted emissions out-

side the transmitted carrier(s). The requirements are fundamentally specified in three parts:

• Output power level requirements set limits for the maximum allowed transmitted

power, for the dynamic variation of the power level, and in some cases for the trans-

mitter OFF state;

• Transmitted signal quality requirements define the “purity” of the transmitted sig-

nal and also the relation between multiple transmitter branches;

• Unwanted emissions requirements set limits to all emissions outside the transmitted

carrier(s) and are tightly coupled to regulatory requirements and coexistence with

other systems.

A list of the device and base-station transmitter characteristics arranged according to the

three parts defined here is shown in Table 28.3. A more detailed description of the spe-

cific requirements can be found later in this chapter.

28.6.2 Conducted receiver characteristics
The set of receiver requirements for NR is quite similar to what is defined for other sys-

tems such as LTE and UTRA. The receiver characteristics are fundamentally specified in

three parts:

• Sensitivity and dynamic range requirements for receiving the wanted signal;

• Receiver susceptibility to interfering signals defines receivers’ susceptibility to

different types of interfering signals at different frequency offsets;

• Unwanted emissions limits are also defined for the receiver.

A list of the device and base-station receiver characteristics arranged according to the

three parts defined here is shown in Table 28.4. A more detailed description of each

requirement can be found later in this chapter.
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28.6.3 Regional requirements
There are a number of regional variations to the RF requirements and their application.

The variations originate in different regional and local regulations of the spectrum and its

use. The most obvious regional variation is the different frequency bands and their use, as

discussed in Chapter 3. Many of the regional RF requirements are also tied to specific

frequency bands.

Table 28.4 Overview of conducted NR receiver characteristics.

Base station
requirement Device requirement

Sensitivity and dynamic range Reference sensitivity Reference sensitivity power

level

Dynamic range Maximum input level

In-channel selectivity

Receiver susceptibility to interfering

signals

Out-of-band blocking Out-of-band blocking

Spurious response

In-band blocking In-band blocking

Narrowband blocking Narrowband blocking

Adjacent channel

selectivity

Adjacent Channel

Selectivity

Receiver

intermodulation

Intermodulation

characteristics

Unwanted emissions from the

receiver

Receiver spurious

emissions

Receiver spurious

emissions

Table 28.3 Overview of conducted NR transmitter characteristics.

Base station requirement Device requirement

Output power

level

Maximum output power Transmit power

Output power dynamics Output power dynamics

ON/OFF power (TDD only) Power control

Transmitted signal

quality

Frequency error Frequency error

Error Vector Magnitude (EVM) Transmit modulation quality

Time alignment between

transmitter branches

In-band emissions

Unwanted

emissions

Operating band unwanted

emissions

Spectrum emission mask

Adjacent Channel Leakage Ratio

(ACLR and CACLR)

Adjacent Channel Leakage Ratio

(ACLR and CACLR)

Spurious emissions Spurious emissions

Occupied bandwidth Occupied bandwidth

Transmitter intermodulation Transmit intermodulation
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When there is a regional requirement on, for example, spurious emissions, this

requirement should be reflected in the 3GPP specifications. For the base station it is

entered as an optional requirement and is marked as “regional.” For the device, the same

procedure is not possible, since a device may roam between different regions and will

therefore have to fulfill all regional requirements that are tied to the operating bands

in the regions where the band is used. For NR (and also for LTE), this becomes more

complex than for UTRA, since there is an additional variation in the transmitter (and

receiver) bandwidth used, making some regional requirements difficult to meet as a man-

datory requirement. The concept of network signaling of RF requirements is therefore

introduced for NR,where a device can be informed at call setup of whether some specific

RF requirements apply when the device is connected to a network.

28.6.4 Band-specific device requirements through network signaling
For the device, the channel bandwidths supported are a function of the NR operating

band, and also have a relation to the transmitter and receiver RF requirements. The rea-

son is that some RF requirements may be difficult to meet under conditions with a com-

bination of maximum power and high number of transmitted and/or received resource

blocks.

In both NR and LTE, some additional RF requirements apply for the device when a

specific network signaling value (NS_x) is signaled to the device as part of the cell hand-

over or broadcast message. For implementation reasons, these requirements are associated

with restrictions and variations to RF parameters such as device output power, maximum

channel bandwidth, and number of transmitted resource blocks. The variations of the

requirements are defined together with the NS_x in the device RF specification, where

each value corresponds to a specific condition. The default value for all bands is NS_01.

NS_x values are connected to an allowed power reduction called additional maximum

power reduction (A-MPR) and may apply for transmission using a certain minimum num-

ber of resource blocks, depending also on the channel bandwidth.

28.6.5 Base-station classes for BS type 1-C and 1-H
In order to accommodate different deployment scenarios for base stations, there are mul-

tiple sets of RF requirements for NR base stations, each applicable to a base station class.

When the RF requirements were derived for NR, base-station classes were introduced

that were intended for macro-cell, micro-cell and pico-cell scenarios. The terms macro,

micro, and pico relate to the deployment scenario and are not used in 3GPP to identify

the base-station classes, instead the following terminology is used:

• Wide area base stations: This type of base station is intended for macro-cell scenarios,

defined with a minimum coupling loss between base station and device of 70dB. This
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is the typical large cell deployment with high-tower or above-rooftop installations,

giving wide area outdoor coverage, but also indoor coverage.

• Medium range base stations: This type of base station is intended for micro-cell scenarios,

defined with a minimum coupling loss between base station and device of 53dB. Typ-

ical deployments are outdoor below-rooftop installations, giving both outdoor hot

spot coverage and outdoor-to-indoor coverage through walls.

• Local area base stations: This type of base station is intended for pico-cell scenarios,

defined with a minimum coupling loss between base station and device of 45dB. Typ-

ical deployments are indoor offices and indoor/outdoor hotspots, with the BS

mounted on walls or ceilings.

There is in Addition a BS class for High Altitude Platform (HAPS) scenarios, definedwith

a BS to groundUEminimum distance of typically around 20m. Requirements for HAPS

BS are in general the same as for Wide Area BS.

The local area and medium range base station classes have modifications to a number

of requirements compared to wide area base stations, mainly due to the assumption of a

lower minimum coupling loss:

• Maximum base station power is limited to 38dBm output power for medium range

base stations and 24dBm output power for local area base stations. This power is

defined per antenna and carrier. There is no maximum base station power defined

for wide area base stations.

• The frequency error requirement is more relaxed for medium range and local area base

stations.

• The spectrummask (operating band unwanted emissions) has lower limits for medium

range and local area, in line with the lower maximum power levels.

• Receiver reference sensitivity limits are higher (more relaxed) for medium range and

local area. Receiver dynamic range and in-channel selectivity (ICS) are also adjusted

accordingly.

• Limits for co-location for medium range and local area are relaxed compared to wide

area BS, corresponding to the relaxed reference sensitivity for the base station.

• All medium range and local area limits for receiver susceptibility to interfering signals

are adjusted to take the higher receiver sensitivity limit and the lower assumed min-

imum coupling loss (base station-to-device) into account.

28.7 Conducted output power level requirements

28.7.1 Base-station output power and dynamic range
There is no general maximum output power requirement for base stations. As mentioned

in the discussion of base-station classes, there is, however, a maximum output power limit

of 38dBm for medium range base stations and 24dBm for local area base stations.
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In addition to this, there is a tolerance specified, defining howmuch the actual maximum

power may deviate from the power level declared by the manufacturer.

The base station also has a specification of the total power control dynamic range for a

resource element, defining the power range over which it should be possible to config-

ure. There is also a dynamic range requirement for the total base-station power.

For TDD operation, a power mask is defined for the base-station output power,

defining the off power level during the uplink subframes and the maximum time for

the transmitter transient period between the transmitter on and off states.

28.7.2 Device output power and dynamic range
The device output power level is defined in three steps:

• UE power class defines a nominalmaximum output power forQPSKmodulation. It may

be different in different operating bands, but the main device power class is today set at

23dBm for all bands.

• Maximum power reduction (MPR) defines an allowed reduction of maximum power

level for certain combinations of modulation used and resource block allocation.

There are also MPR values defined for Carrier Aggregation, SUL, Uplink MIMO,

V2X and Shared spectrum access.

• Additional maximum power reduction (A-MPR) may be applied in some regions and is

usually connected to specific transmitter requirements such as regional emission limits

and to certain carrier configurations. For each such set of requirements, there is an

associated network signaling value NS_x that identifies the allowed A-MPR and

the associated conditions, as explained in Section 28.6.4.

A minimum output power level setting defines the device dynamic range. There is a def-

inition of the transmitter off power level, applicable to conditions when the device is not

allowed to transmit. There is also a general on/off time mask specified, plus specific time

masks for PRACH, PUCCH, SRS, and for PUCCH/PUSCH/SRS transitions.

Dynamic range requirements are specified separately for CA, NR-DC, SUL, UL

MIMO, V2X, Shared spectrum access, and CA with UL MIMO.

The device transmit power control is specified through requirements for the absolute

power tolerance for the initial power setting, the relative power tolerance between two sub-

frames, and the aggregated power tolerance for a sequence of power-control commands.

28.8 Transmitted signal quality

The requirements for transmitted signal quality specify how much the transmitted base

station or device signal deviates from an “ideal” modulated signal in the signal and fre-

quency domains. Impairments on the transmitted signal are introduced by the transmitter

RF parts, with the nonlinear properties of the power amplifier being a major contributor.
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The signal quality is assessed for base station and device through requirements on EVM

and frequency error. An additional device requirement is device in-band emissions.

28.8.1 EVM and frequency error
While the theoretical definitions of the signal quality measures are quite straightforward,

the actual assessment is a very elaborate procedure, described in great detail in the 3GPP

specification. The reason is that it becomes a multidimensional optimization problem,

where the best match for the timing, the frequency, and the signal constellation is found.

The EVM is a measure of the error in the modulated signal constellation, taken as the

root mean square of the error vectors over the active subcarriers, considering all symbols

of the modulation scheme. It is expressed as a percentage value in relation to the power of

the ideal signal. The EVM fundamentally defines the maximum SINR that can be

achieved at the receiver, if there are no additional impairments to the signal between

transmitter and receiver.

Since a receiver can remove some impairments of the transmitted signal such as time

dispersion, the EVM is assessed after cyclic prefix removal and equalization. In this way,

the EVM evaluation includes a standardized model of the receiver. The frequency offset

resulting from the EVM evaluation is averaged and used as a measure of the frequency error

of the transmitted signal.

28.8.2 Device in-band emissions
In-band emissions are emissions within the channel bandwidth. The requirement limits

how much a device can transmit into non-allocated resource blocks within the channel

bandwidth. Unlike the out-of-band (OOB) emissions, the in-band emissions are mea-

sured after cyclic prefix removal and FFT, since this is how a device transmitter affects

a real base-station receiver.

28.8.3 Base-station time alignment
Several NR features require the base station to transmit from two or more antennas, such

as transmitter diversity andMIMO. For carrier aggregation, the carriers may also be trans-

mitted from different antennas. In order for the device to properly receive the signals

from multiple antennas, the timing relation between any two transmitter branches is

specified in terms of a maximum time alignment error between transmitter branches.

The maximum allowed error depends on the feature or combination of features in

the transmitter branches.
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28.9 Conducted unwanted emissions requirements

Unwanted emissions from the transmitter are divided into OOB emissions and spurious

emissions in ITU-R recommendations [40]. OOB emissions are defined as emissions

on a frequency close to the RF carrier, which results from the modulation process. Spu-

rious emissions are emissions outside the RF carrier that may be reduced without affect-

ing the corresponding transmission of information. Examples of spurious emissions are

harmonic emissions, intermodulation products, and frequency conversion products.

The frequency range where OOB emissions are normally defined is called the OOB

domain, whereas spurious emission limits are normally defined in the spurious domain.

ITU-R also defines the boundary between the OOB and spurious domains at a fre-

quency separation from the carrier center of 2.5 times the necessary bandwidth, which

corresponds to 2.5 times the channel bandwidth for NR. This division of the require-

ments is easily applied for systems that have a fixed channel bandwidth. It does, however,

become more difficult for NR, which is a flexible bandwidth system, implying that the

frequency range where requirements apply would then vary with the channel bandwidth.

The approach taken for defining the boundary in 3GPP is slightly different for base-

station and device requirements.

With the recommended boundary between OOB emissions and spurious emissions set

at 2.5 times the channel bandwidth, third- and fifth-order intermodulation products from

the carrier will fall inside the OOB domain, which will cover a frequency range of twice

the channel bandwidth on each side of the carrier. For the OOB domain, two overlapping

requirements are defined for both base station and device: spectrum emissions mask (SEM)

and adjacent channel leakage ratio (ACLR). The details of these are further explained here.

28.9.1 Implementation aspects
The spectrum of an OFDM signal decays rather slowly outside of the transmission band-

width configuration. Since the transmitted signal for NRoccupies up to 98% of the chan-

nel bandwidth, it is not possible to meet the unwanted emission limits directly outside the

channel bandwidth with a “pure” OFDM signal. The techniques used for achieving

the transmitter requirements are, however, not specified or mandated in NR speci-

fications. Time-domain windowing is one method commonly used in OFDM-based

transmission systems to control spectrum emissions. Filtering is always used, both time-

domain digital filtering of the baseband signal and analog filtering of the RF signal.

The non-linear characteristics of the power amplifier (PA) used to amplify the RF signal

must also be taken into account, since it is the source of intermodulation products out-

side the channel bandwidth. Power back-off to give a more linear operation of the PA

can be used, but at the cost of a lower power efficiency. The power back-off should
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therefore be kept to a minimum. For this reason, additional linearization schemes can

be employed. These are especially important for the base station, where there are fewer

restrictions on implementation complexity and use of advanced linearization schemes is

an essential part of controlling spectrum emissions. Examples of such techniques are

feed-forward, feedback, predistortion, and postdistortion.

28.9.2 Emission mask in the OOB domain
The emission mask defines the permissible OOB spectrum emissions outside the neces-

sary bandwidth. As explained above, how to take the flexible channel bandwidth into

account when defining the frequency boundary between OOB emissions and spurious

emissions is done differently for the NR base station and device. Consequently, the emis-

sion masks are also based on different principles.

28.9.2.1 Base-station operating band unwanted emission limits
For the NR base station, the problem of the implicit variation of the boundary between

OOB and spurious domain with the varying channel bandwidth is handled by not defining

an explicit boundary. The solution is a unified concept of operating band unwanted emissions

(OBUE) for the NR base station instead of the spectrum mask usually defined for OOB

emissions. The operating band unwanted emissions requirement applies over the whole

base-station transmitter operating band, plus an additional 10–100MHz on each side, as

shown in Fig. 28.4. All requirements outside of that range are set by the regulatory spurious

emission limits, based on the ITU-R recommendations [40]. As seen in Fig. 28.4, a large

part of the operating band unwanted emissions is defined over a frequency range that for

smaller channel bandwidths can be both in spurious and OOB domains. This means that

Operating band for BS transmitter

10 – 100 MHz

Spurious domain

Transmitted NR 
BS Carrier

OOB domain
(+/-2.5 x Channel BW) 

f

Spurious domain

BS Operating 
band unwanted
emission limits

BS Spurious
emission limits

BS Spurious
emission limits

Channel 
bandwidth

10 – 100 MHz

Fig. 28.4 Frequency ranges for operating band unwanted emissions and spurious emissions
applicable to NR base station (FR1).
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the limits for the frequency ranges that may be in the spurious domain also have to align

with the regulatory limits from the ITU-R. The shape of the mask is generic for all channel

bandwidths, with a mask that consequently has to align with the ITU-R limits starting

10–100MHz from the channel edges, depending on the BS type and the width of the

operating band. The operating band unwanted emissions are defined with a 100kHz mea-

surement bandwidth and align to a large extent with the corresponding masks for LTE.

In the case of carrier aggregation for a base station, the OBUE requirement (as other

RF requirements) applies as for any multicarrier transmission, where the OBUE will be

defined relative to the carriers on the edges of the RF bandwidth. In the case of non-

contiguous carrier aggregation, the OBUE within a sub-block gap is partly calculated

as the cumulative sum of contributions from each subblock.

There are also special limits defined to meet a specific regional regulation. These are

for example set by the FCC (Federal Communications Commission, Title 47) for the

operating bands used in the USA and by the ECC for some European bands. They

are specified as separate limits in addition to the operating band unwanted emission limits.

28.9.2.2 Device spectrum emission mask
For implementation reasons, it is not possible to define a generic device spectrum mask

that does not vary with the channel bandwidth, so the frequency ranges for OOB limits

and spurious emissions limits do not follow the same principle as for the base station. The

SEM extends out to a separationDfOOB from the channel edges, as illustrated in Fig. 28.5.

For 5MHz channel bandwidth, this point corresponds to 250% of the necessary band-

width as recommended by the ITU-R, but for higher channel bandwidths it is set closer

than 250%.

Operating band for UE transmitter

Spurious domain

Transmitted NR 
UE Carrier

OOB domain
(+/-2.5 x Channel BW) 

f

Spurious domain

UE Spectrum 
emissions mask

UE Spurious
emission limits

UE Spurious
emission limits

Channel 
bandwidth

fOOBfOOB

Fig. 28.5 Frequency ranges for spectrum emission mask and spurious emissions applicable to NR
device.
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The SEM is defined as a general mask and a set of additional masks that can be applied

to reflect different regional requirements. Each additional regional mask is associated with

a specific network signaling value NS_x. There are also variations of the SEM and its

applicability defined for CA, V2X, shared spectrum channel access and CA with

UL MIMO.

28.9.3 Adjacent channel leakage ratio
In addition to a spectrum emissions mask, the OOB emissions are defined by an ACLR

requirement. The ACLR concept is very useful for analysis of coexistence between two

systems that operate on adjacent frequencies. The ACLR defines the ratio of the power

transmitted within the assigned channel bandwidth to the power of the unwanted emis-

sions transmitted on an adjacent channel. There is a corresponding receiver requirement

called Adjacent Channel Selectivity (ACS), which defines a receiver’s ability to suppress a

signal on an adjacent channel.

The definitions of ACLR and ACS are illustrated in Fig. 28.6 for a wanted and an

interfering signal received in adjacent channels. The interfering signal’s leakage of

unwanted emissions at the wanted signal receiver is given by the ACLR and the ability

of the receiver of the wanted signal to suppress the interfering signal in the adjacent chan-

nel is defined by the ACS. The two parameters when combined define the total leakage

between two transmissions on adjacent channels. That ratio is called the Adjacent Channel

Interference Ratio (ACIR) and is defined as the ratio of the power transmitted on one chan-

nel to the total interference received by a receiver on the adjacent channel, due to both

transmitter (ACLR) and receiver (ACS) imperfections.

This relation between the adjacent channel parameters is [11]:

ACIR ¼ 1
1

ACLR
+ 1

ACS

(28.2)

ACLR and ACS can be defined with different channel bandwidths for the two adja-

cent channels, which is the case for some requirements set for NR due to the bandwidth

flexibility. Eq. (28.2) will also apply for different channel bandwidths, but only if the same

two channel bandwidths are used for defining all three parameters ACIR, ACLR, and

ACS used in the equation.

The ACLR limits for NR device and base station are derived based on extensive anal-

ysis [11] of NR coexistence with NR or other systems on adjacent carriers.

For an NR base station, there are ACLR requirements both for an adjacent channel

with an NR receiver of the same channel bandwidth and for an adjacent LTE receiver.

The ACLR requirement for NR BS is set to 45dB. This is considerably more strict than

the ACS requirement for the device, which according to (28.2) implies that in the

downlink, the device receiver performance will be the limiting factor for ACIR and
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consequently for coexistence between base stations and devices. From a system-point-

of-view, this choice is cost-efficient since it moves implementation complexity to the

BS, instead of requiring all devices to have high-performance RF.

In the case of carrier aggregation for a base station, the ACLR (as other RF require-

ments) apply as for any multicarrier transmission, where the ACLR requirement will be

defined for the carriers on the edges of the RF bandwidth. In the case of non-contiguous

carrier aggregation where the sub-block gap is so small that the ACLR requirements at

the edges of the gap will “overlap”, a special cumulative ACLR requirement (CACLR) is

defined for the gap. For CACLR, contributions from carriers on both sides of the sub-

block gap are accounted for in the CACLR limit. The CACLR limit is the same as the

ACLR for the base station at 45dB.

ACLR limits for the device are set both with assumed NR and an assumed UTRA

receiver on the adjacent channel. In the case of carrier aggregation, the device ACLR

requirement applies to the aggregated channel bandwidth instead of per carrier. The

Interfering
signal

Wanted
signal

Ratio defines
ACLR

for transmitted 
signal

Transmitter
Unwanted
emissions

Receiver
Filter

Characteristics

Ratio defines
ACS
for the

receiver

Interfering
signal

Wanted
signal

Signal view:

Receiver view:

Fig. 28.6 Illustration of ACLR and ACS, with example characteristics for an “aggressor” interferer and a
receiver for a “victim” wanted signal.
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ACLR limit for NR devices is set to 30dB. This is considerably relaxed compared to the

ACS requirement for the BS, which according to Eq. (28.2) implies that in the uplink,

the device transmitter performance will be the limiting factor for ACIR and conse-

quently for coexistence between base stations and devices.

28.9.4 Spurious emissions
The limits for base station spurious emissions are taken from international recommenda-

tions [40], but are only defined in the region outside the frequency range of operating

band unwanted emission limits as illustrated in Fig. 28.4 – that is, at frequencies that

are separated from the base-station transmitter operating band by at least 10–
100MHz. This means that due to the definition of OBUE (which covers also parts of

the spurious domain), the frequency range for the spurious emissions requirement does

not coincide exactly with the range defined as “spurious domain” in international reg-

ulation. The limits are however fully aligned.

There are also additional regional or optional limits for protection of other systems

that NR may coexist with or even be co-located with. Examples of other systems con-

sidered in those additional spurious emissions requirements are GSM, UTRA FDD/

TDD, LTE, and PHS.

Device spurious emission limits are defined for all frequency ranges outside the fre-

quency range covered by the SEM. The limits are generally based on international reg-

ulations [40], but there are also additional requirements for coexistence with other bands

when the device is roaming. The additional spurious emission limits can have an asso-

ciated network signaling value.

In addition, there are base-station and device emission limits defined for the receiver.

Since receiver emissions are dominated by the transmitted signal, the receiver spurious

emission limits are only applicable when the transmitter is not active, and also when

the transmitter is active for an NR FDD base station that has a separate receiver antenna

connector.

28.9.5 Occupied bandwidth
Occupied bandwidth is a regulatory requirement that is specified for equipment in some

regions, such as Japan and the United States. It was originally defined by the ITU-R as a

maximum bandwidth, outside of which emissions do not exceed a certain percentage of

the total emissions. The occupied bandwidth is for NR equal to the channel bandwidth,

outside of which a maximum of 1% of the emissions are allowed (0.5% on each side).

28.9.6 Transmitter intermodulation
An additional implementation aspect of an RF transmitter is the possibility of intermod-

ulation between the transmitted signal and another strong signal transmitted in the
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proximity of the base station or device. For this reason, there is a requirement for trans-

mitter intermodulation.

For the base station, the requirement is based on a stationary scenario with a co-

located other base-station transmitter, with its transmitted signal appearing at the antenna

connector of the base station being specified but attenuated by 30dB. Since it is a station-

ary scenario, there are no additional unwanted emissions allowed, implying that all

unwanted emission limits also have to be met with the interferer present.

For the device, there is a similar requirement based on a scenario with another device-

transmitted signal appearing at the antenna connector of the device being specified but

attenuated by 40dB. The requirement specifies the minimum attenuation of the resulting

intermodulation product below the transmitted signal.

28.10 Conducted sensitivity and dynamic range

The primary purpose of the reference sensitivity requirement is to verify the receiver noise

figure, which is a measure of how much the receiver’s RF signal chain degrades the

SNR of the received signal. For this reason, a low-SNR transmission scheme using

QPSK is chosen as a reference channel for the reference sensitivity test. The reference

sensitivity is defined at a receiver input level where the throughput is 95% of the max-

imum throughput for the reference channel.

For the device, reference sensitivity is defined for the full channel bandwidth signals

and with all resource blocks allocated for the wanted signal.

The intention of the dynamic range requirement is to ensure that the receiver can also

operate at received signal levels considerably higher than the reference sensitivity. The

scenario assumed for base-station dynamic range is the presence of increased interference

and corresponding higher wanted signal levels, thereby testing the effects of different

receiver impairments. In order to stress the receiver, a higher SNR transmission

scheme using 16QAM is applied for the test. To further stress the receiver to higher signal

levels, an interfering AWGN signal at a level 20dB above the assumed noise floor is added

to the received signal. The dynamic range requirement for the device is specified as a

maximum signal level at which the throughput requirement is met.

28.11 Receiver susceptibility to interfering signals

There is a set of requirements for base station and device, defining the receiver’s ability to

receive a wanted signal in the presence of a stronger interfering signal. The reason for the

multiple requirements is that, depending on the frequency offset of the interferer from

the wanted signal, the interference scenario may look very different and different types of

receiver impairments will affect the performance. The intention of the different combi-

nations of interfering signals is to model as far as possible the range of possible scenarios
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with interfering signals of different bandwidths that may be encountered inside and out-

side the base-station and device receiver operating band.

While the types of requirements are very similar between base station and device, the

signal levels are different, since the interference scenarios for the base station and device

are very different. There is also no device requirement corresponding to the base-station

ICS requirement.

The following requirements are defined for NR base station and device, starting from

interferers with large frequency separation and going close in (see also Fig. 28.7). In all

cases where the interfering signal is an NR signal, it has the same or smaller bandwidth

than the wanted signal, but at most 20MHz.

• Blocking: This corresponds to the scenario with strong interfering signals received out-

side the operating band (out-of-band blocking) or inside the operating band (in-band

blocking), but not adjacent to the wanted signal. In-band blocking includes interferers

in the first 20–100MHz outside the operating band for the base station and the first

15MHz for the device. The scenarios are modeled with a continuous wave (CW) signal

for the out-of-band case and an NR signal for the in-band case. There are additional

(optional) base-station blocking requirements for the scenario when the base station is

co-located with another base station in a different operating band. For the device, a

fixed number of exceptions are allowed from the out-of-band blocking requirement, for

each assigned frequency channel and at the respective spurious response frequencies. At

those frequencies, the device must comply with the more relaxed spurious response

requirement.

NR wanted signal

Narrowband blocking

ACS Blocking (in-band)

Blocking (out-of-band)

CW

1 RB (BS)
CW (UE)

“Interfering” 
RBs

“Wanted” 
RBs

ICS
Scenario (BS)

Receiver Operating band

Fig. 28.7 Base-station and device requirements for receiver susceptibility to interfering signals in
terms of blocking, ACS, narrowband blocking, and in-channel selectivity (BS only).
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• Adjacent channel selectivity: The ACS scenario is a strong signal in the channel adjacent to

the wanted signal and is closely related to the corresponding ACLR requirement (see

also the discussion in Section 28.9.3). The adjacent interferer is an NR signal. For the

device, the ACS is specified for two cases with a lower and a higher signal level.

• Narrowband blocking. The scenario is an adjacent strong narrowband interferer, which

in the requirement is modeled as a single resource block NR signal for the base station

and a CW signal for the device.

• In-channel selectivity (ICS): The scenario is multiple received signals of different

received power levels inside the channel bandwidth, where the performance of the

weaker “wanted” signal is verified in the presence of the stronger “interfering” signal.

ICS is only specified for the base station.

• Receiver intermodulation: The scenario is two interfering signals near to the wanted signal,

where the interferers are one CW and one NR signal (not shown in Fig. 28.7). The

purpose of the requirement is to test receiver linearity. The interferers are placed in

frequency in such a way that the main intermodulation product falls inside the wanted

signal’s channel bandwidth. There is also a narrowband intermodulation requirement for

the base station where the CW signal is very close to the wanted signal and the NR

interferer is a single RB signal.

For all requirements except ICS, the wanted signal uses the same reference channel as in

the corresponding reference sensitivity requirement. With the interference added, the

same 95% relative throughput is met as for the reference sensitivity, but at a “desensi-

tized” higher wanted signal level.

28.12 Radiated RF requirements for NR

Many of the radiated RF requirements defined for devices and base stations are derived

directly from the corresponding conducted RF requirements. Unlike conducted

requirements, the radiated requirements will account also for the antenna. When defin-

ing emission levels such as base station output power and unwanted emissions, this can be

done either by incorporating the antenna gain as a directional requirement using an Effec-

tive Isotropic Radiated Power (EIRP) or by definition of limits using Total Radiated Power

(TRP). Two new radiated requirements are defined as directional for the base station

(see Section 28.12.3), but most radiated device and base station requirements for NR

are defined with limits expressed as TRP.

TRP and EIRP are directly related through the number of radiating antenna elements

and depend also on specific base station implementation, considering the geometry of the

antenna array and the correlation between unwanted emission signals from different

antenna ports. The implication is that an EIRP limit could result in different levels of

total radiated unwanted emission power depending on the implementation. An EIRP
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limit will thus not give control of the total amount of interference in the network, while a

TRP requirement limits the total amount of interference injected in the network regard-

less of the specific BS implementation.

Another relevant element behind the 3GPP choice of defining unwanted emission as

TRP is the different behavior between passive and active antenna systems. In the case of

passive systems, the antenna gain does not vary much between the wanted signal and

unwanted emissions. Thus, EIRP is directly proportional to TRP and can be used as

a substitute. For an active system such as NR, the EIRP may vary between the wanted

signal and unwanted emissions and also between implementations, all depending on how

strong correlation there is between wanted and unwanted emissions in terms of the

source of unwanted emissions, frequency separation between emissions etc. The impli-

cation is that EIRP in general is not proportional to TRP and using EIRP to substitute

TRP would be incorrect.

The radiated RF requirements for device and base station are described below.

28.12.1 Base-station classes for BS type 1-O and 2-O
Since the radiated requirements are defined without assuming an antenna connector as

reference, it is also not possible to define BS classes based on coupling loss as was done for

conducted requirements (see Section 28.6.5). The BS classes are instead defined based on

BS-to-device minimum distance, but are otherwise the same:

• Wide area base stations: This type of base station is intended for macro-cell scenarios,

with a BS-to-device minimum distance along the ground equal to 35m.

• Medium range base stations: This type of base station is intended for micro-cell scenarios,

with a BS-to-device minimum distance along the ground equal to 5m.

• Local area base stations: This type of base station is intended for pico-cell scenarios,

defined with a BS-to-device minimum distance along the ground equal to 2m.

The local area and medium range base station classes have modifications to a number of

requirements compared to wide area base stations, mainly due to the assumption of a

lower minimum base station to device distance, giving a lower minimum coupling loss.

The requirements are modified in the same way as for conducted requirements for BS

type 1-C and 1-H (see Section 28.6.5), with the following difference:

• Maximum base station rated carrier TRP is limited to 47dBm for medium range base

stations and 33dBm for local area base stations. This power is defined per antenna and

carrier. There is no maximum base station TRP defined for wide area base stations.

28.12.2 Radiated device requirements in FR2
As described in Section 28.4, the RF requirements in FR2 operating bands are described

in a separate specification [6] for devices, because of the higher number of antenna

elements for operation in FR2 and the high level of integration used for mm-wave
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technology. There are no radiated device requirements defined for FR1 operating bands.

The set of requirements for FR2 mostly correspond to the conducted RF requirements

defined for FR1 operating bands. The limits for many requirements are however differ-

ent. The difference in coexistence at mm-wave frequencies leads to lower requirements

on, for example, ACLR and spectrum mask. This is demonstrated through coexistence

studies performed in 3GPP and documented in [11]. The possibility for different limits

has also been demonstrated in academia [69].

The implementation using mm-wave technologies is more challenging than using the

more mature technologies in the frequency bands below 6GHz (FR1). The mm-wave

RF implementation aspects are further discussed in Chapter 29.

It should also be noted that the channel bandwidths and numerologies defined for

FR2 are in general different from FR1, making it not possible to compare requirement

levels, especially for receiver requirements.

The following is an overview of the radiated RF requirements in FR2, as compared

to the ones in FR1:

• Output power level requirements:Maximum output power is of the same order as in FR1

but is expressed both as TRP and EIRP. The minimum output power and transmitter

OFF power levels are higher than in FR1. Radiated transmit power is an additional

radiated requirement, which unlike the maximum output power is directional. There

is also a Spherical coverage requirement for the variation of EIRP in different directions.

It is based on the minimum EIRP at the 85th percentile of the distribution of radiated

power measured over the full sphere around the UE.

• Transmitted signal quality: Frequency error and EVM requirements are defined similar

to what is done in FR1 and mostly with the same limits.

• Radiated unwanted emissions requirements:Occupied bandwidth, ACLR, spectrummask

and spurious emissions are defined in the sameway as for FR1. The latter two are based

on TRP. Many limits are less strict than in FR1. ACLR is on the order of 10dB

relaxed compared to FR1, due to more favorable coexistence at higher frequencies.

• Beam correspondence, briefly mentioned already in Section 12.2 in connection with the

need for uplink beam sweeping, is a new requirement that does not exist for FR1UEs.

The UE minimum Peak EIRP and Spherical coverage form the basis for the beam

correspondence requirement. UEs can either support those requirements with auton-

omously chosen uplink beams or by using beam sweeping. For UEs declared to sup-

port the Peak EIRP and Spherical coverage requirements with uplink beam sweeping,

there is a beam correspondence tolerance requirement defined.

• Reference sensitivity and dynamic range: Defined as a radiated requirements based on

equivalent isotropic sensitivity (EIS), which can be seen as the receiver measure corre-

sponding to EIRP. Levels are not comparable to FR1

• Receiver Susceptibility to Interfering Signals: ACS, in-band and out-of-band blocking are

defined similar to FR1, but are defined as radiated requirements based on EIS as test
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metric. There is no narrow-band blocking scenario defined since there are only wide-

band systems in FR2. ACS is in the order of 10dB relaxed compared to FR1, due to

more favorable coexistence.

28.12.3 Radiated base station requirements in FR1
As described in Section 28.5, the RF requirements for BS type 1-O consisted of only

radiated (OTA) requirements. These are in general based on the corresponding con-

ducted requirements, either directly or through scaling. Two additional radiated require-

ments defined are radiated transmit power and OTA sensitivity, described further.

BS type 1-H is defined with a “hybrid” set of requirements consisting mostly of con-

ducted requirements and in addition two radiated requirements, which are the same as for

BS type 1-O:

• Radiated transmit power is defined accounting for the antenna array beamforming pat-

tern in a specific direction as EIRP for each beam that the base station is declared to

transmit. In a way similar to BS output power, the actual requirement is on the accu-

racy of the declared EIRP level.

• OTA sensitivity is a directional requirement based on a quite elaborate declaration by

the manufacturer of one or more OTA sensitivity direction declarations (OSDDs). The

sensitivity is in this way defined accounting for the antenna array beam-forming pat-

tern in a specific direction as declared equivalent isotropic sensitivity (EIS) level toward a

receiver target. The EIS limit is to be met not only in a single direction but within

a range of angle of arrival (RoAoA) in the direction of the receiver target. Depending

on the level of adaptivity for the AAS BS, two alternative declarations are made:

• If the receiver is adaptive to direction, so that the receiver target can be redirected, the

declaration contains a receiver target redirection range in a specified receiver target direction.

The EIS limit should be met within the redirection range, which is tested at five

declared sensitivity RoAoA within that range.

• If the receiver is not adaptive to direction and thus cannot redirect the receiver target,

the declaration consists of a single sensitivity RoAoA in a specified receiver target

direction, in which the EIS limit should be met.

Note that the OTA sensitivity is defined in addition to the reference sensitivity require-

ment, which exists both as conducted (for BS type 1-H) and radiated (for BS type 1-O).

28.12.4 Radiated base station requirements in FR2
As described in Section 28.5, the RF requirements for BS type 2-O are radiated require-

ments for base stations in FR2 operating bands. These are described separately, together

with the radiated requirements for BS type 1-O, but in the same specification [4] as the

conducted base-station RF requirements.
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The set of requirements is identical to the radiated RF requirements defined for FR1

operating bands described, but the limits for many requirements are different. As for the

device, the difference in coexistence at mm-wave frequencies leads to lower require-

ments on, for example, ACLR, ACS as demonstrated through 3GPP coexistence studies

[11]. The implementation using mmwave technologies is also more challenging than

using the more mature technologies in the frequency bands below 7GHz (FR1) as fur-

ther discussed in Chapter 29.

The following is a brief overview of the radiated RF requirements in FR2:

• Output Power Level Requirements: Maximum output power is the same for FR1 and

FR2, but is scaled from the conducted requirement and expressed as TRP. There

is in addition a directional radiated transmit power requirement. The dynamic range

requirement is defined similarly to FR1.

• Transmitted signal quality: Frequency error, EVM, and time-alignment requirements

are defined similar to what is done in FR1 and mostly with the same limits.

• Radiated unwanted emissions requirements: Occupied bandwidth, spectrum mask,

ACLR, and spurious emissions are defined in the sameway as for FR1. The three latter

are based on TRP and also have less strict limits than in FR1. ACLR is on the relaxed

with more than 15dB compared to FR1, due to more favorable coexistence.

• Reference sensitivity and dynamic range:Defined in the same way as in FR1, but levels are

not comparable. There is in addition a directional OTA sensitivity requirement.

• Receiver susceptibility to interfering signals: ACS, in-band and out-of-band blocking are

defined as for FR1, but there is no narrow-band blocking scenario defined since there

are only wideband systems in FR2. ACS is relaxed compared to FR1, due to more

favorable coexistence.

28.13 Multi-standard radio base stations

Traditionally the RF specifications have been developed separately for the different

3GPP radio-access technologies GSM/EDGE, UTRA, LTE, and NR. The rapid evo-

lution of mobile radio and the need to deploy new technologies alongside the legacy

deployments has, however, led to implementation of different radio-access technologies

(RAT) at the same sites, sharing antennas and other parts of the installation. In addition,

operation of multiple RATs is often done within the same base-station equipment. The

evolution to multi-RAT base stations is fostered by the evolution of technology. While

multiple RATs have traditionally shared parts of the site installation, such as antennas,

feeders, backhaul, or power, the advance of both digital baseband and RF technologies

enables a much tighter integration.

3GPP defines an MSR base station, as a base station where the receiver and the trans-

mitter are capable of simultaneously processing multiple carriers of different RATs in

common active RF components. The reason for this stricter definition is that the true

potential of multi-RAT base stations, and the challenge in terms of implementation
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complexity, comes from having a common RF. This principle is illustrated in Fig. 28.8

with an example base station capable of both NR and LTE. Some of the NR and LTE

baseband functionality may be separate in the base station but is possibly implemented in

the same hardware. The RF must, however, be implemented in the same active com-

ponents as shown in the figure.

MSR BS including NR is a part of 3GPP specifications from release 15 in FR1 bands

(FR2 bands do not support multiple RATs). The main advantages of an MSR base sta-

tion implementation for NR are twofold:

• Migration between RATs in a deployment, for example from previous mobile gen-

erations to NR, is possible using the same base station hardware. The operation of NR

can then be introduced gradually over time when parts of the spectrum used for pre-

vious generations is freed up for NR.

• A single base station designed as an MSR base station can be deployed in various envi-

ronments for single-RAT operation for each RAT supported, as well as for multi-

RAT operation, where that is required by the deployment scenario. This is also in line

with the recent technology trends seen in the market, with fewer and more generic

base-station designs. Having fewer varieties of base station is an advantage both for the

base-station vendor and for the operator, since a single solution can be developed and

implemented for a variety of scenarios.

The MSR concept has a substantial impact for many requirements, while others remain

completely unchanged. A fundamental concept introduced for MSR base stations is RF

bandwidth, which is defined as the total bandwidth over the set of carriers transmitted and

received. Many receiver and transmitter requirements are usually specified relative to the

carrier center or the channel edges. For anMSR base station, they are instead specified rel-

ative to theRFbandwidth edges, in away similar to carrier aggregation.By introducing theRF

Phase 1 (LTE only)

Phase 2 (LTE +NR)

Phase 3 (NR only)

Common Active RF

LTE
functionality

NR
functionality

MSR BS

Migration steps:

Fig. 28.8 Example of migration from LTE to NR using an MSR base station for all migration phases.

628 5G/5G-Advanced

https://t.me/learningnets



bandwidth concept and introducing generic limits, the requirements for MSR shift from

being carrier centric toward being frequency block centric, thereby embracing technology

neutrality by being independent of the access technology or operational mode.

While NR, LTE and UTRA carriers have quite similar RF properties in terms of

bandwidth and power spectral density, GSM/EDGE carriers are quite different. The

FR1 operating bands for which MSR base stations are defined are therefore divided into

three Band Categories (BC):

• BC1 – All paired bands where NR, LTE and UTRA can be deployed with FDD

operation.

• BC2 – All paired bands where in addition to NR, UTRA and LTE, GSM/EDGE can

also be deployed with FDD operation.

• BC3 – All unpaired bands where NR, UTRA and E-UTRA can be deployed with

TDD operation.

Since the carriers of different RATs are not transmitted and received independently, it is

necessary to perform parts of the testing of the MSR base station with carriers of multiple

RATs being activated. This is done through a set of multi-RAT Test Configurations

defined in [2], specifically tailored to stress transmitter and receiver properties. These test

configurations are of particular importance for the unwanted emission requirements for

the transmitter and for testing of the receiver susceptibility to interfering signals (block-

ing, etc.). An advantage of the multi-RAT test configurations is that the RF performance

of multiple RATs can be tested simultaneously, thereby avoiding repetition of test cases

for each RAT. This is of essential for the very time-consuming tests of requirements over

the complete frequency range outside the operating band.

The requirement with the largest impact fromMSR is the spectrummask, or the oper-

ating band unwanted emissions requirement, as it is called. The spectrum mask requirement

forMSR base stations is applicable for multi-RAT operation where the carriers at the RF

bandwidth edges are either GSM/EDGE, UTRA, LTE or NR carriers of different chan-

nel bandwidths. The mask is generic and applicable to all cases and covers the complete

operating band of the base station.

Another important concept for MSR base stations is the supported capability set (CS),

which is part of the declaration of base station capabilities by the vendor. Each capability

set defines the RATs supported by the base station and how they can be combined. There

are currently 19 capability sets CS1 to CS19 defined in the MSR BS test specification [2],

where CS1 and CS2 define single-RAT support for UTRA and LTE respectively and CS3

to CS19 define different single- andmulti-RAT combinations for all RATs. Capability sets

that include NR in Release 16 are CS16 through CS19. The RAT combinations possible

for CS16 to CS19 are listed in Table 28.5. Note the difference between the capability of a

base station (as declared by the manufacturer) and the configurations in which a BS can

operate. A BS has the capability to operate a number of RATs as defined by the Capability

Set but is at any certain time only operating with one supported RAT configuration.
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Carrier aggregation is also applicable to MSR base stations. Since the MSR specifi-

cation has most of the concepts and definitions in place for defining multicarrier RF

requirements, whether aggregated or not, the differences for the MSR requirements

compared to non-aggregated carriers are very minor.

28.14 Operation in non-contiguous spectrum

Some spectrum allocations consist of fragmented parts of spectrum for different reasons.

The spectrum may be recycled 2G spectrum, where the original licensed spectrum was

“interleaved” between operators. This was quite common for original GSM deploy-

ments, for implementation reasons (the original combiner filters used were not easily

tuned when spectrum allocations were expanded). In some regions, operators have also

purchased spectrum licenses on auctions and have for different reasons ended up with

multiple allocations in the same band that are not adjacent.

For deployment of non-contiguous spectrum allocations there are a few implications:

• If the full spectrum allocation in a band is to be operated with a single base station, the

base station has to be capable of operation in non-contiguous spectrum.

Table 28.5 Capability sets (CSx) defined for MSR base stations that include NR and the corresponding
RAT configurations.

Capability set CSx
supported by a base station

Applicable band
categories Supported RAT configurations

CS16 BC1, BC2 or

BC3

Single-RAT: NR or LTE

Multi-RAT: LTE+NR

CS17 BC1, BC2 or

BC3

Single-RAT: NR, LTE or NB-IoT

standalone

Multi-RAT: LTE+NR

LTE+NB-IoT standalone

NR+NB-IoT standalone

LTE+NR+NB-IoT standalone

CS18 BC2 Single-RAT: NR or LTE

Multi-RAT: GSM+LTE

GSM+NR

LTE+NR

GSM+LTE+NR

CS19 BC2 Single-RAT: NR, LTE or UTRA

Multi-RAT: UTRA+LTE

UTRA+NR

LTE+NR

UTRA+LTE+NR
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• If a larger transmission bandwidth is to be used than what is available in each of the

spectrum fragments, both the device and the base station have to be capable of intra-

band non-contiguous carrier aggregation in that band.

Note that the capability for the base station to operate in non-contiguous spectrum is not

directly coupled to carrier aggregation as such. From an RF point-of-view, what is

required by the base stations is to receive and transmit carriers over an RF bandwidth

that is split in two (or more) separate sub-blocks, with a sub-block gap in-between as

shown in Fig. 28.9. The spectrum in the sub-block gap can be deployed by any other

operator, which means that the RF requirements for the base station in the sub-block

gap are based on coexistence for uncoordinated operation. This has a few implications

for some of the base station RF requirements within an operating band.

For base station operating in non-contiguous spectrum there are some additions and

modifications to the requirements. The non-contiguous transmission consists of two or

more sub-blocks, with sub-block gaps in-between. Transmitter requirements for Operating

Band unwanted Emissions apply and ACLR apply as usual outside the RF-bandwidth

edges, but also inside the sub-block gap as follows:

• Operating band unwanted emissions mask (OBUE): The OBUE limit applies

inside the gap calculated as a cumulative sum of contributions from the adjacent

sub-blocks on each side of the gap.

• ACLR: For non-contiguous operation, ACLR applies inside the gap for the assumed

first and second adjacent channels that do not overlap with the first or second channels

from the other adjacent sub-block. For small sub-block gaps where adjacent

channels overlap between the two sub-blocks, the Cumulative ACLR (CACLR)

Operating band

f

Sub-block Sub-block
gap

RF-bandwidth 

Sub-block

Possibly deployed
by other operator

Fig. 28.9 Example of non-contiguous spectrum operation, illustrating the definitions of RF bandwidth,
sub-clock and sub-block gap.
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requirement will apply in the gap, with contributions counted from both bands (see

also Section 28.9.3).

For the device, non-contiguous operation is tightly coupled to carrier aggregation, since

multicarrier reception in the downlink or transmission in the uplink within a band does

not occur unless carriers are aggregated. This also means that the definition of non-

contiguous operation is different for the device than for the base station. For the device,

intra-band non-contiguous carrier aggregation is therefore assumed to occur as soon as

the spacing between two carriers is larger than the nominal channel spacing.

Compared to the base station, there are also additional implications and limitation to

handle the simultaneously received and/or transmitted non-contiguous carriers. There is

an allowedMaximum Power Reduction (MPR) already for transmission in a single com-

ponent carrier, if the resource block allocation is non-contiguous within the carrier. For

non-contiguous aggregated carriers, an allowed MPR is defined for sub-block gaps of up

to 35MHz between the aggregated carriers. The MPR depends on the number of allo-

cated resource blocks.

28.15 Multiband-capable base stations

The 3GPP specifications have been continuously developed to support larger RF band-

widths for transmission and reception through multicarrier and multi-RAT operation

and carrier aggregation within a band and with requirements defined for one band at

a time. This has been made possible with the evolution of RF technology supporting

larger bandwidths for both transmitters and receivers. From 3GPP release 11, there is

support in the LTE and MSR base-station specifications for simultaneous transmission

and/or reception in two bands through a common radio. Such a multiband base station

covers multiple bands over a frequency range of a few 100MHz. Support for more than

two bands is given from 3GPP release 14. Support for multi-band operation is included in

NR base station specifications from Release 15 for BS types 1-C, 1-H and 1-O. Multi-

band support for FR2 BS has been studied by 3GPP and may be added in a future release.

One obvious application for multiband base stations is for interband carrier aggrega-

tion. It should however be noted that base stations supporting multiple bands were in

existence long before carrier aggregation was introduced in 3GPP Release 11. Already

for GSM, dual-band base stations were designed to enable more compact deployments of

equipment at base-station sites, but they were really two separate sets of transmitters and

receivers for the bands that were integrated in the same equipment cabinet. The differ-

ence for “true” multiband-capable base stations is that the signals for the bands are trans-

mitted and received in common active RF in the base station.
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There are several scenarios envisioned for multi-band base station implementation

and deployment. The possibilities for the multi-band capability are

• Multi-band transmitter+multi-band receiver

• Multi-band transmitter+single-band receiver

• Single-band transmitter+multi-band receiver

An example base station for the first case is illustrated in Fig. 28.10, which shows a base

station with a commonRF implementation of both transmitter and receiver for two oper-

ating bands X andY. Through a duplex filter, the transmitter and receiver are connected to

a common antenna connector and a common antenna. The example is also a multi-RAT

capable MB-MSR base station, with NR+GSM configured in Band X and NR config-

ured in BandY.Note that the figure has only one diagram showing the frequency range for

the two bands, which could either be the receiver or transmitter frequencies.

Fig. 28.10 also illustrates some parameters that are defined for multi-band base station.

• RF bandwidth has the same definition as for a multi-standard base station, but is

defined individually for each band.

• Inter-RF-bandwidth gap is the gap between the RF bandwidths in the two bands.

Note that the inter-RF bandwidth gap may span a frequency range where other

mobile operators can be deployed in bands X and Y, as well as a frequency range

between the two bands that may be used for other services.

• Radio bandwidth is the full bandwidth supported by the base station to cover the mul-

tiple carriers in both bands.

In principle, a multi-band base station can be capable of operating in more than

two bands.

Band X

Filters

Transmitter
Band X + Y

Multiband Base Station

Receiver
Band X + Y

Band Y

f

RF bandwidth
(Band X)

RF bandwidth
(Band Y)

Inter-RF-bandwidth 
gap

Band X+Y

Radio bandwidth 

Fig. 28.10 Example of multiband base station with multiband transmitter and receiver for two bands
with one common antenna connector.
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While having only a single antenna connector and a common feeder that connects to

a common antenna is desirable to reduce the amount of equipment needed in a site, it is

not always possible. It may also be desirable to have separate antenna connectors, feeders

and antennas for each band. An example of a multiband base station with separate con-

nectors for two operating bands X and Y is shown in Fig. 28.11. Note that while the

antenna connectors are separate for the two bands, the RF implementation for transmit-

ter and receiver is in this case common for the bands. The RF for the two bands is sep-

arated into individual paths for band X and band Y before the antenna connectors

through a filter. As for multiband base stations with a common antenna connector for

the bands, it is also here possible to have either the transmitter or receiver be a single-

band implementation, while the other is multiband.

Further possibilities are base station implementations with separate antenna connec-

tors for receiver and transmitter, in order to give better isolation between the receiver and

transmitter paths. This may be desirable for a multiband base station, considering the large

total RF bandwidths, which will in fact also overlap between receiver and transmitter.

For a multi-band base station, with a possible capability to operate with multiple

RATs and several alternative implementations with common or separate antenna

connectors for the bands and/or for the transmitter and receiver, the declaration

Band X

Filters

Transmitter
Band X + Y

Multiband Base Station

Receiver
Band X + Y

RF bandwidth
(Band X)

Band Y Band X

Band Y

f

RF bandwidth
(Band Y)

Fig. 28.11 Multiband base station with multiband transmitter and receiver for two bands with
separate antenna connectors for each band.
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of the base station capability becomes quite complex. What requirements that will

apply to such a base station and how they are tested will depend on these declared

capabilities.

Most RF requirements for a multi-band base station remain the same as for a single-

band implementation. There are however some notable exceptions:

• Transmitter spurious emissions: For NR base stations, the requirements exclude

frequencies in the operating band plus an additional 10–100MHz “exclusion” on each

side of the operating band, since this frequency range is covered by the OBUE limits.

For a multi-band base station, the exclusion applies to both operating bands (plus 10–
100MHz on each side), and only the OBUE limits apply in those frequency ranges.

This is called a “joint exclusion band”.

• Operating band unwanted emissions mask (OBUE): For multi-band operation,

when the inter-RF bandwidth gap is less than two times the “exclusion” for spurious,

the OBUE limit applies as a cumulative limit with contributions counted from both

bands, in a way similar to operation in non-contiguous spectrum.

• ACLR: For multi-band operation, ACLR applies inside the inter-RF bandwidth gap.

When the inter-RF bandwidth is so small that adjacent channels from the two RF

bandwidths overlap, the Cumulative ACLR (CACLR)will apply in the gap with con-

tributions counted from both bands, in the same way as for operation in non-

contiguous spectrum.

• Transmitter intermodulation: For a multi-band base station, when the inter-RF

bandwidth gap is small, the requirement only applies for the case when the interfering

signals fit within the gap.

• Blocking requirement: For multi-band base station, the in-band blocking limits

apply for the in-band frequency ranges of both operating bands. This can be seen as

a “joint exclusion”, similar to the one for spurious emissions. The blocking and

receiver intermodulation requirements also apply inside the inter-RF bandwidth gap.

• Receiver spurious emissions: For a multi-band base station, a “joint exclusion

band” similar to the one for transmitter spurious emissions will apply, covering both

operating bands.

In the case where the two operating bands are mapped on separate antenna connectors as

shown in Fig. 28.11, the above exceptions for transmitter/receiver spurious emissions,

OBUE, ACLR and transmitter intermodulation do not apply. Those limits will instead

be the same as for single-band operation for each antenna connector. In addition, if such a

multiband base station with separate antenna connectors per band is operated in only one

band with the other band (and other antenna connector) inactive, the base station will

from a requirement point-of-view be seen as a single-band base station. In this case all

requirements will apply as single-band requirements.
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CHAPTER 29

RF technologies at mm-wave
frequencies

The existing 3GPP specifications for 2G, 3G, and 4G mobile communications are appli-

cable to frequency ranges below 6GHz and the corresponding RF requirements consider

the technology aspects related to below 6GHz operation. NR also operates in those fre-

quency ranges (identified as frequency range 1) but will in addition be defined for oper-

ation above 24.25GHz (frequency range 2 or FR2), also referred to as mm-wave

frequencies. A fundamental aspect for defining the RF performance and setting RF

requirements for NR base stations and devices is the change in technologies used for

RF implementation in order to support operation in those higher frequencies. In this

chapter, some important and fundamental aspects related to mm-wave technologies

are presented in order to better understand the performance that mm-wave technology

can offer, but also what the limitations are.

In this chapter, Analog-to-Digital/Digital-to-Analog converters and power ampli-

fiers are discussed, including aspects such as the achievable output power versus efficiency

and linearity. In addition, some detailed insights are provided into receiver essential met-

rics such as noise figure, bandwidth, dynamic range, power dissipation, and the depen-

dencies between metrics. The mechanism for frequency generation and the related phase

noise aspects are also covered. Filters for mm-waves are another important part, indicat-

ing the achievable performance for various technologies and the feasibility of integrating

filters into NR implementations.

The data sets used in this chapter indicate the current state-of-the-art capability and

performance and are either published elsewhere or have been presented as part of the

3GPP study for developing NR [11]. Note that neither the 3GPP specifications nor

the discussion here mandate any restrictions, specific models, or implementations for

NR in frequency range 2. The discussion highlights and analyzes different possibilities

for RF implementation of mm-wave receivers and transmitters.

An additional aspect is that essentially all operation in FrequencyRange 2 will be with

Active Antenna System base stations using large antenna array sizes and devices with

multi-antenna implementations. While this is enabled by the smaller scale of antennas

at mm-wave frequencies, it also drives complexity. The compact building practice
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needed for mm-wave systems with many transceivers and antennas requires careful and

often complex consideration regarding the power efficiency and heat dissipation within a

small area or volume. These considerations directly affect the achievable performance and

possible RF requirements. The discussion here in many aspects applies for both NR base

stations and NR devices, noting also that the mm-wave transceiver implementation

between device and base station will have less differences compared to frequency bands

below 6GHz.

29.1 ADC and DAC considerations

The larger bandwidths available at mm-wave communication challenge the data conver-

sion interfaces between analog and digital domains in both receivers and transmitters. The

signal-to-noise-and-distortion ratio (SNDR)-based Schreier Figure-of-Merit (FoM) is a

widely accepted power-efficiency metric for Analog-to-Digital Converters (ADCs)

defined by [58]

FoM ¼ SNDR + 10 log 10 f s=2=Pð Þ
with SNDR in dB, power consumption P in W, and Nyquist sampling frequency fs in

Hz. Fig. 29.1 shows the Schreier FoM for a large number of ADCs vs. the Nyquist sam-

pling frequency fs (¼2� the signal bandwidth), published at the two most acknowledged

Fig. 29.1 Schreier figure-of-merit for published ADCs [62].
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conferences [59] in this field of research. The dashed line indicates the FoM envelope

which is constant at roughly 185dB toward sampling frequencies below some

100MHz. With constant FoM, the power consumption doubles for every doubling of

bandwidth or 3dB increase in SNDR. Above 100MHz there is an additional 10dB/

decade penalty, and this means that a doubling of bandwidth will increase power consump-

tion by a factor of 4.

Although the FoM envelope is expected to continue being slowly pushed toward

higher frequencies by continued development of integrated circuit technology, RF

bandwidths in the GHz range inevitably give poor power efficiency in the analog-to-

digital conversion. The large bandwidths and array sizes assumed for NR at mm-wave

will thus lead to a large ADC power footprint and it is important that specifications driv-

ing SNDR requirements are not unnecessarily high. This applies to devices as well as base

stations.

Digital-to-Analog Converters (DACs) are typically less complex than their ADC

counterparts for the same resolution and speed. Furthermore, while ADC operation

commonly involves iterative processes, the DACs do not. DACs also attract substan-

tially less interest in the research community. While structurally quite different from

their ADC counterparts they can still be benchmarked using the same FoM and render

similar numbers as for ADCs. In the same way as for ADC, a larger bandwidth and

unnecessarily high SNDR requirement on the transmitter will result in a higher

DAC power footprint.

29.2 LO generation and phase noise aspects

Local Oscillator (LO) is an essential component in radio communication systems for

shifting carrier frequency up- or downwards in transceivers. One LO performancemetric

is the so-called phase noise (PN) of the signal generated by the LO. In plain words, PN is a

measure of how stable the signal is in frequency domain. Numerically, it is defined as the

single-side noise power spectral density at a frequency that isΔf Hz away from the desired

LO frequency f0, relative to the signal power. Therefore, PN is given in dBc/Hz for a

specified offset frequency (Δf) and its value represents the likelihood that the LO oscil-

lation frequency deviates by Δf Hz from the desired frequency.

LO phase noise may significantly degrade system performance; this is illustrated in

Fig. 29.2, though somewhat exaggerated for a single-carrier example, where the constel-

lation diagram for a 16-QAM signal is compared with and without phase noise, including

in both cases Additive White Gaussian Noise (AWGN) modeling thermal noise. For a

given symbol error rate, phase noise limits the highest modulation scheme that may be

utilized. In other words, different modulation schemes pose different requirement on LO

phase noise level.
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29.2.1 Phase noise characteristics of free-running oscillators and PLLs
A commonly used circuit solution for frequency generation is the Voltage Controlled

Oscillator (VCO). Fig. 29.3 shows an empirical model describing the PN characteristic

for a free-running VCO, where k is the Boltzmann constant, T is the absolute temper-

ature, Ps is the signal strength, Q is the loaded quality factor of the resonator, F is a fitting

parameter but has physical meaning of noise figure, and Δf1/f3 is the 1/f-noise corner

frequency of the active device in use [54].

The following can be concluded from the Leeson formula given in Fig. 29.3:

• PN increases by 6dB per every doubling of the oscillation frequency f0;

• PN is inversely proportional to signal strength, Ps;

• PN is inversely proportional to the square of the quality factor of the resonator, Q;

• 1/f noise up-conversion gives rise to close-to-carrier PN increase (i.e., at small offset).

Thus, several parameters may be used as design trade-offs in VCO development. For pur-

pose of performance comparison of the VCOs made in various semiconductor

Fig. 29.2 Illustrative constellation diagram of a single-carrier 16-QAM signal without (left) and with
(right) LO phase noise.

Fig. 29.3 Phase noise characteristic for a typical free-running VCO [57]: phase noise in dBc/Hz (y-axis)
versus offset frequency in Hz (X-axis, logarithmic scale).
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technologies and circuitry topologies, a Figure-of-Merit (FoM) is often used which takes

into account power consumption in comparison [95]:

FoM ¼ PNVCO Δfð Þ � 20 log
f o
Δf

� �
+ 10 log PDC=1mWð Þ

Here PNVCO(Δf) is the phase noise of the VCO in dBc/Hz and PDC is the power

consumption in watt. One noticeable result of this expression is that both phase noise

and power consumption in linear power are proportional to fo
2. Thus, to maintain a phase

noise level at a certain offset while increasing fo by a factorN would require the power to

be increased by N2 (assuming a fixed FoM value).

A common way to suppress the phase noise is to apply a Phase Locked Loop (PLL)

[18]. Basic PLL building blocks contain a VCO, frequency divider, phase detector, loop

filter and a low-frequency reference source of high stability, such as a crystal oscillator.

The total phase noise of the PLL output is composed of contributions from the VCO

outside the loop bandwidth and the reference oscillator inside the loop. A significant

noise contribution is also added by the phase detector and the divider.

As an example for the typical behavior of a mm-wave source, Fig. 29.4 shows the

measured phase noise for a 28GHz LO produced using a PLL at a lower frequency

and multiplying up to 28GHz. There are four distinctive offset ranges that show different

characteristics:

Fig. 29.4 Example of measured phase noise behavior for a phase locked VCO multiplied to 28GHz.
(Source: Ericsson AB, used with permission.)
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• for offset <10kHz: 30dB/decade roll-off, due to 1/f noise up-conversion;

• for offset>10kHz up to the PLL bandwidth (350kHz): relatively flat and composed of

contributions from several PLL blocks;

• for offset> PLL bandwidth up to 10MHz: 20dB/decade roll-off, dominant by VCO

phase noise, and

• for offset >10MHz: flat, white noise floor.

29.2.2 Challenges with mm-wave signal generation
As phase noise increases with frequency, increasing the oscillation frequency from 3GHz

to 30GHz, for instance, will result in PN degradation of typically 20dB. This will cer-

tainly limit the highest order of PN-sensitive modulation schemes applicable at mm-

wave bands, thus poses a limitation on achievable spectrum efficiency for mm-wave

communications.

Millimeter-wave LOs also suffer from the degradation in quality factorQ and the sig-

nal power Ps. Leeson’s equation says that in order to achieve low phase noise, Q and Ps
need to be maximized while the noise figure of the active device needs to be minimized.

Unfortunately, all these three factors behave in an unfavorable manner with the increase

of oscillation frequency. In monolithic VCO implementation, the Q-value of the on-

chip resonator decreases rapidly when the frequency increases due mainly to (i) the

increase of parasitic losses such as metal loss and substrate loss and (ii) the decrease of var-

actor Q. Meanwhile, the signal strength of the oscillator becomes increasingly limited

when going to higher frequencies. The reason is that higher frequency operation requires

more advanced semiconductor devices whose breakdown voltage decreases as their fea-

ture size shrinks. This is manifested by the observed reduction in power capability versus

frequency for power amplifiers (�20dB per decade) as detailed in Section 29.3. For this

reason, a method widely applied in mm-wave LO implementation is to generate a lower

frequency PLL and then multiply the signal up to the target frequency.

Except for the challenges discussed above, up-conversion of the 1/f noise creates an

added slope close to the carrier. The 1/f noise, or the flicker noise, is strongly technology

dependent, where planar devices such as CMOS and HEMT (High Electron Mobility

Transistor) generally show higher 1/f noise than vertical bipolar-type devices such as

SiGeHBTs. Technologies used in fully integratedMMIC/RFICVCO and PLL solution

range from CMOS and BiCMOS to III-V materials where InGaP HBT is popular due to

its relatively low 1/f noise and high breakdown voltage. Occasionally also pHEMT

devices are used, though suffering from severe 1/f noise. Some developments have been

made using GaN FET structures in order to benefit from the high breakdown voltage,

but 1/f is even higher than in GaAs FET devices and therefore seems to offset the gain

from the high breakdown advantage. Fig. 29.5 summarizes phase noise performance at

100kHz offset vs oscillation frequency for various semiconductor technologies.
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Lastly, recent research has revealed the impact of the LO noise floor (Fig. 29.3) on the

performance of wide bandwidth systems [21]. Fig. 29.6 shows the measured EVM from a

transmitter using a 7.5GHz carrier versus the LO noise floor level for different symbol

rates. The impact of the flat LO noise floor is insignificant when the symbol bandwidth is

low (<<100MHz). However, when the bandwidth increases to beyond hundred MHz,
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Fig. 29.5 Phase noise at 100 KHz offset versus oscillation frequency for oscillators in different
semiconductor technologies [36].

Fig. 29.6 Measured EVM of a 64-QAM signal at 7.5GHz versus the LO noise floor level for different
symbol rate [23].
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such as the case in 5G NR, it starts to increasingly affect the observed EVM when the

noise power spectral density is higher than�135dBc/Hz. This observation calls for extra

cautions when designing mm-wave signal sources for wideband systems in terms of

choice of semiconductor technology, VCO circuit topology, frequency multiplication

factor and power consumption, in order to achieve optimal balance of the contributions

from the offset-dependent phase noise and the white phase noise floor. After all, it is the

integrated phase noise power that degrades the system performance.

29.3 Power amplifiers efficiency in relation to unwanted emission

Radio Frequency (RF) building block performance generally degrades with increasing

frequency. The power capability of power amplifiers (PA) for a given integrated circuit

technology roughly decreases by 20dB per decade, as shown in Fig. 29.7 for various

semiconductor technologies. There is a fundamental cause for this decrease; increased

power capability and increased frequency capability are conflicting requirements as

observed from the so-called Johnson limit [52]. In short, higher operational frequencies

require smaller geometries, which subsequently result in lower operational power in

order to prevent dielectric breakdown from the increased field strengths. To uphold

Moore’s law, the gate geometries are constantly shrunk and hence the power capability

per transistor is reduced.

A remedy is however found in the choice of integrated circuit material. mm-wave

integrated circuits have traditionally been manufactured using so called III–V materials,

that is a combination of elements from groups III and V of the periodic table, such as

Gallium Arsenide (GaAs) and more recently Gallium Nitride (GaN). Integrated circuit

technologies based on III–Vmaterials are substantially more expensive than conventional

Fig. 29.7 Power amplifier output power versus frequency for various semiconductor technologies.
(A) Silicon based and (B) III–V. The dashed line illustrates the observed reduction in power
capability versus frequency (�20dB per decade). The data points are from a survey of published
microwave and mm-wave power amplifier circuits [96].
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silicon-based technologies and they cannot handle the integration complexity of large

scale digital circuits or radio modems for cellular handsets. Nevertheless, GaN-based

technologies are now maturing rapidly and deliver power levels an order of magnitude

higher compared to conventional silicon-based technologies.

There are mainly three semiconductor material parameters that affect the efficiency of

an amplifier: maximum operating voltage, maximum operating current density and

knee-voltage. Due to the knee-voltage, the maximum attainable efficiency is reduced

by a factor that is proportional to:

1� k

1 + k

where k is the ratio of knee-voltage to the maximum operating voltage. For most tran-

sistor technologies the ratio k is in the range of 0.05–0.01, resulting in an efficiency deg-

radation of 10–20%.
The maximum operating voltage and current density limit the maximum output

power from a single transistor cell. To further increase the output power, the output from

multiple transistor cells must be combined. The most common combination techniques

are stacking (voltage combining), paralleling (current combining), and corporate com-

biners (power combining). Either choice of combination technique will be associated

with a certain combiner-efficiency. A technology with low power density requires more

combination stages and will incur a lower overall combiner-efficiency. At mm-wave fre-

quencies the voltage- and current-combining methods are limited due to the wave-

length. The overall size of the transistor cell must be kept less than about 1/10th of

the wavelength. Hence, paralleling and/or stacking are used in combination with cor-

porate power combining to get the wanted output power. The maximum power density

of CMOS is about 100mW/mm compared to 4000mW/mm for GaN. Thus, GaN tech-

nology will require less aggressive combining strategies and hence give higher efficiency.

Fig. 29.8 shows the saturated power-added efficiency (PAE) as a function of fre-

quency. The maximum reported PAE is approximately 60% and 40%, at 30GHz and

77GHz, respectively.

PAE is expressed as PAE ¼ 100∗ POUT½ �RF � PIN½ �RF

� �
= PDC½ �TOTAL:

At mm-wave frequencies, semiconductor technologies fundamentally limit the avail-

able output power. Furthermore, the efficiency is also degraded with higher frequency.

Considering the PAE characteristics in Fig. 29.8, and the non-linear behavior of the

AM-AM/AM-PM characteristics of the power amplifier, significant power back-off may

be necessary to reach linearity requirement such as the transmitter ACLR requirements

(see Section 25.9). Considering the heat dissipation aspects and significantly reduced

area/volume for mm-wave products, the complex interrelation between linearity,

PAE and output power in the light of heat dissipation must be considered.
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29.4 Filtering aspects

Using various types of filters in base station and device implementations is an essential

component in meeting the overall RF requirements. This has been the case for all gen-

erations of mobile systems and is essential also for NR, both below 6GHz and in the new

mm-wave bands. Filters are used to mitigate unwanted emissions due to noise,

LO-leakage, intermodulation, harmonics generation, and various unwanted mixing

products. In the receiver chain, filters are used to handle either self-interference from

own transmitter signal in paired bands, or to suppress interferers in adjacent bands or

at other frequencies.

The RF-requirements are differentiated for different scenarios. For base station spu-

rious emission, there are general requirements across a very wide frequency range, coex-

istence requirements in the same geographical areas, and co-location requirements for

dense deployments. Similar requirements are defined for devices.

Considering the limited size (area/volume) and level of integrations needed for mm-

wave frequencies, the filtering can be challenging where most discrete mm-wave filters

are bulky and ill-suited for embedding in highly integrated structures for mm-wave

products.

29.4.1 Possibilities of filtering at the analog front-end
Different implementations provide different possibilities for filtering. For the purpose of

discussion, two extremes can be considered:

• Low-cost, monolithic integration with a few multi-chain CMOS/BiCMOS core-

chips with built-in power amplifiers and built in down-converters. This case will give

Fig. 29.8 Saturated power added efficiency versus frequency for various semiconductor technologies.
(A) Silicon based and (B) III–V. Data from a survey of published microwave and mm-wave power
amplifier circuits [96].
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limited possibilities to include high-performance filters along the RF-chains since the

Q-values for on-chip filter resonators will be poor.

• High-performance, heterogeneous integration with several CMOS/BiCMOS core

chips, combined with external amplifiers and external mixers. This implementation

allows the inclusion of external filters at several places along the RF-chains (at a higher

complexity, size, and power consumption).

There are at least three places where it makes sense to put filters, depending on imple-

mentation, as shown in Fig. 29.9:

• Behind or inside the antenna element (F1 or F0), where loss, size, cost, and wide-band

suppression is critical;

• Behind the first amplifiers (looking from the antenna side), where low loss is less

critical (F2);

• On the high-frequency side of mixers (F3), where signals have been combined (in the

case of analog and hybrid beam forming).

Themain purpose of F1/F0 is typically to suppress interference and emissions far from the

desired channel across a wide frequency range (for example, DC to 60GHz). Ideally,

there should not be any unintentional resonances or passbands in this wide frequency

range (see Fig. 29.10). This filter will help relax the design challenge (bandwidth to con-

sider, linearity requirements, etc.) of all following blocks. Insertion loss must be very low,

Fig. 29.9 Possible filter locations.

Fig. 29.10 Filter example for the 28GHz band.
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and there are strict size and cost requirements since there must be one filter at each ele-

ment or sub-array (see Fig. 29.9). In some cases, it is desirable to suppress intermodulation

products from the power amplifier close to the passband, particularly when transmitting

with high output power and large bandwidth close to sensitive bands. This is very chal-

lenging for millimeter wave array antennas due to lack of suitable filters, and lack of iso-

lators between amplifiers and filters.

The purpose of F2 is similar to that of F1/F0. There are still strict size require-

ments, but more loss can be accepted (behind the first amplifiers) and even uninten-

tional passbands (assuming F1/F0 will handle that). This allows better discrimination

(more poles), and better frequency precision (for example, using half-wave

resonators).

The main purpose of F3 is typically suppression of LO-, sideband-, spurious- and

noise-emission, and suppression of incoming interferers that accidentally fall in the IF-

band after the mixer, and strong interferers that fall outside the IF-band that tend to block

mixers and ADCs. For analog (or hybrid) beamforming it is enough to have just one (or a

few) such filters. This relaxes requirements on size and cost, which opens the possibility to

achieve sharp filters with multiple poles and zeroes, and with high Q-value and good

frequency precision in the resonators.

The deeper into the RF-chain (starting from the antenna element), the better pro-

tected the circuits will get. For the monolithic integration case it is difficult to implement

filters F2 and F3. One can expect performance penalties for this case, and output power

per branch is lower. Furthermore, it is challenging to achieve good isolation across a wide

frequency range, as microwaves tend to bypass filters by propagating in ground structures

around them.

29.4.2 Insertion loss (IL) and bandwidth
Sharp filtering on each branch (at positions F1/F0) with narrow bandwidth leads to

excessive loss at microwave and mm-wave frequencies. To get the insertion loss down

to a reasonable level the passband can be made significantly larger than the signal band-

width. A drawback of such an approach is that more unwanted signals will pass the filter.

In choosing the best loss-bandwidth trade-off there are some basic dependencies to be

aware of:

• IL decreases with increasing BW (for fixed fc);

• IL increases with increasing fc (for fixed BW);

• IL decreases with increasing Q-value;

• IL increases with increasing N.

To exemplify the trade-off, a three-pole LC-filter with Q¼20, 100, 500 and 5000, for

800 and 4�800MHz 3dB-bandwidth, tuned to 15dB return loss (with Q¼5000), is

examined as shown in Fig. 29.11.
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Fig. 29.11 Example 3-pole LC filter with 800 and 4�800MHz bandwidth, for different Q values.
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From this study it is observed that:

• 800MHz bandwidth or smaller, requires exotic filter technologies, with a Q-value

around 500 or better to get an IL below 1.5dB. Such Q-values are very challenging

to achieve considering constraints on size, integration aspects, and cost;

• For a bandwidth of 4�800 MHz, it is sufficient to have a Q-value around 100 to get

2dB IL. This should be within reach with a low-loss printed circuit board (PCB). The

increased bandwidth will also help to relax the tolerance requirements on the PCB.

29.4.3 Filter implementation examples
When looking for a way to implement filters in a 5G array antenna system, key aspects to

consider include: Q-value, discrimination, size, and integration possibilities. Table 29.1

gives a rough comparison between different technologies, and two specific implemen-

tation examples are given in the following.

29.4.3.1 PCB integrated implementation example
A simple and attractive way to implement antenna filters (F1) is to use strip-line or micro-

strip filters, embedded in a PCB close to each antenna element. This requires a low-loss

PCB with good precision. Production tolerances (permittivity and patterning and

via-positioning) will limit the performance, mainly through a shift in the passband

and increased mismatch. In most implementations the passband must be set larger than

the operating frequency band with a significant margin to account for this.

Typical characteristics of such filters can be illustrated by looking at the following

design example, with the layout shown in Fig. 29.12:

• Five-pole, coupled line, strip-line filter;

• Dielectric permittivity: 3.4;

• Dielectric thickness: 500μm (ground to ground);

• Unloaded resonator Q: 130 (assuming low loss microwave dielectrics).

The filter is tuned to give 20dB suppression at 24GHz, while passing as much as possible

of the band 24.25–27.5GHz (with 17dB return loss). Significant margins are added to

make room for variations in the manufacturing processes of the PCB.

Table 29.1 Different possible technologies to use for filter implementation.

Technology Q of resonators Size Integration

On-chip (Si) 20 Small Feasible

PCB (low-loss) 100–150 Medium Feasible

Ceramic (thin film, LTCC) 200–300 Medium Difficult

Advanced miniature filters 500 Medium Difficult

Waveguide (air-filled) 5000 Large Extremely difficult
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A Monte Carlo analysis was performed to study the impact of variations in the

manufacturing process on filter performance, using the following quite aggressive toler-

ance assumptions for the PCB:

• Permittivity standard deviation: 0.02;

• Line width standard deviation: 8μm;

• Thickness of dielectric standard deviation: 15μm.

With these distribution assumptions, 1000 instances of the filter were generated and

simulated. Fig. 29.13 shows the filter performance (S21) for these 1000 instances

(blue traces; black in print version), together with the nominal performance (yellow

trace).; white in print version). Red lines (dark gray in print version) in the graph

(with hooks) indicate possible requirement levels that could be targeted with

this filter.

From this design example, the following rough description of a PCB filter implemen-

tation is found:

• 3-4dB insertion loss (IL);

• 20dB suppression (17dB if IL is subtracted);

• 1.5GHz transition region with margins included;

Fig. 29.12 Layout of stripline filter on a PCB.

Fig. 29.13 Simulated impact of manufacturing tolerances on the filter characteristics of a strip line
filter in PCB.
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• Size: 25mm2, which can be difficult to fit in the case of individual feed and/or dual

polarized elements;

• If a 3dB IL is targeted, there would be significant yield loss with the suggested require-

ment, in particular for channels close to the pass-band edges.

29.4.3.2 LTCC filter implementation example
Another possibility to implement filters is to make components for Surface Mount

Assembly (SMT), including both filters and antennas, for example based on Low-

Temperature Cofired Ceramics (LTCC). One example of a prototype LTCC compo-

nent was outlined in [29] and is also shown in Fig. 29.14.

The measured performance of a small batch of filter components, without antennas,

based on LTCC is shown in Fig. 29.15. It is found that these filters add about 2.5dB of

insertion loss for a 3GHz passband, while providing 20dB of attenuation 0.75GHz from

the passband edge.

Additional margins relative to this example should be considered to account for

large volume manufacturing tolerances, temperature sensitivity, improved S11 and

degradation related to the integration with the antenna. Accounting for such mar-

gins, the LTCC-filter shown could be assumed to add approximately 3dB of inser-

tion loss, for 20–25dB suppression (IL subtracted) 1–1.25GHz from the pass-

band edge.

In essence, considering the above two implementation examples and the challenges

related to size, integration possibilities, Q-value, manufacturing tolerances, lack of tun-

ing, radiation pattern degradation, impedance matching, cost, etc., the conclusion is that

it is not realistic to rely on filtering closer than 1–1.25GHz from the edge of the

pass-band.

Fig. 29.14 Example of prototype of an LTCC-component containing both antenna elements and
filters. (Source: TDK Corporation, used with permission.)
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29.5 Receiver noise figure, dynamic range
and bandwidth dependencies

29.5.1 Receiver and noise figure model
A receiver model as shown in Fig. 29.16 is assumed here. The dynamic range (DR)

of the receiver will in general be limited by the front-end insertion loss (IL), the

receiver (RX) low-noise amplifier (LNA) and the ADC noise and linearity

properties.

Typically, DRLNA ≫ DRADC so the RX use Automatic Gain Control (AGC) and

selectivity (distributed) in-between the LNA and the ADC to optimize the mapping

of the wanted signal and the interference to the DRADC. For simplicity, a fixed gain set-

ting is considered here.

A further simplified receiver model can be derived by lumping the Front End (FE),

RX, and ADC into three cascaded blocks, as shown in Fig. 29.17. This model cannot

replace a more rigorous analysis but will demonstrate interdependencies between the

main parameters.

Focusing on the small signal co-channel noise floor, the impact of various signal and

linearity impairments can be studied to arrive at a simple noise factor, or noise figure,

expression.

Fig. 29.15 Measured performance of an LTCC-based filter without antenna. (Source: TDK Corporation,
used with permission.)
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29.5.2 Noise factor and noise floor
Assuming matched conditions, Friis’ formula can be used to find the noise factor at the

receiver input as (linear units unless noted),

FRX ¼ 1 + FLNA � 1ð Þ + FADC � 1ð Þ=G
The RX input referred small-signal co-channel noise floor will then equal

NRX ¼ FLNA �N0 + NADC=G

where N0¼k�T�BW and NADC are the available noise power and the ADC effective

noise floor in the channel bandwidth, respectively (k and T being Boltzmann’s constant

and absolute temperature, respectively). The ADC noise floor is typically set by a com-

bination of quantization, thermal and intermodulation noise, but here a flat noise floor is

assumed as defined by the ADC effective number of bits.

Fig. 29.17 A simplified receiver model.

Fig. 29.16 Typical zero-IF transceiver schematic.
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The effective gain G from LNA input to ADC input depends on small-signal gain,

AGC setting, selectivity and desensitization (saturation), but here it is assumed that the

gain is set such that the antenna referred input compression point (CPi) corresponds to

the ADC clipping level, that is the ADC full scale input voltage (VFS).

For weak non-linearities, there is a direct mathematical relationship between CP and

the third-order intercept point (IP3) such that IP3�CP+10dB. For higher-order

non-linearities, the difference can be larger than 10dB, but then CP is still a good esti-

mate of the maximum signal level while intermodulation for lower signal levels may be

overestimated.

29.5.3 Compression point and gain
Between the antenna and the RX there is the FEwith its associated insertion loss (IL>1),

for example due to a T/R switch, a possible RF filter, and PCB/substrate losses.

These losses have to be accounted for in the gain and noise expressions. Knowing

IL, the CPi can be found that corresponds to the ADC clipping as

CPi ¼ IL �NADC �DRADC=G

The antenna referred noise factor and noise figure will then become

Fi ¼ IL � FRX ¼ IL � FLNA + CPi= N0 �DRADCð Þ
and

NFi ¼ 10 � log 10 Fið Þ,
respectively. When comparing two designs, for example, at 2 and 30GHz, respectively,

the 30GHz IL will be significantly higher than that of the 2GHz. From the Fi expression

it can be seen that to maintain the same noise figure (NFi) for the two carrier frequencies,

the higher FE loss at 30GHz needs to be compensated for by improving the RX noise

factor. This can be accomplished by (1) using a better LNA, (2) relaxing the input com-

pression point, that is increasing G, or (3) increasing the DRADC. Usually a good LNA is

already used at 2GHz to achieve a low NFi, so this option is rarely possible. Relaxing

CPi is an option but this will reduce IP3 and the linearity performance will degrade.

Finally, increasing DRADC comes at a power consumption penalty (4� per extra

bit). Especially wideband ADCs may have a high power consumption. That is, when

BW is below some 100MHz the N0�DRADC product (that is BW�DRADC) is propor-

tional to the ADC power consumption, but for higher bandwidths the ADC power

consumption is proportional to BW2�DRADC, thereby penalizing higher BW (see

Section 29.1). Increasing DRADC is typically not an attractive option and it is inevitable

that the 30GHz receiver will have a significantly higher NFi than that of the 2GHz

receiver.
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29.5.4 Power spectral density and dynamic range
A signal consisting of many similar subcarriers will have a constant power-spectral den-

sity (PSD) over its bandwidth and the total signal power can then be found as

P¼PSD�BW.

When signals of different bandwidths but similar power levels are received simulta-

neously, their PSDs will be inversely proportional to their BW. The antenna-referred

noise floor will be proportional to BW and Fi, or Ni¼Fi�k�T�BW, as derived above.

Since CPi will be fixed, given by G and ADC clipping, the dynamic range, or maximum

SNR, will decrease with signal bandwidth, that is SNRmax ∝ 1/BW.

The above signal can be considered as additive white Gaussian noise (AWGN)

with an antenna-referred mean power level (Psig) and a standard deviation (σ). Based
on this assumption the peak-to-average-power ratio can be approximated as

PAPR¼20�log10(k), where the peak signal power is defined as Psig+k�σ, that is there
are k standard deviations between the mean power level and the clipping level. For

OFDM an unclipped PAPR of 10dB is often assumed (that is 3σ) and this margin must

be subtracted fromCPi to avoid clipping of the received signal. AnOFDM signal with an

average power level, for example, 3σ below the clipping level will result in less than 0.2%

clipping.

29.5.5 Carrier frequency and mm-wave technology aspects
Designing a receiver at, for example, 30GHzwith a 1GHz signal bandwidth leaves much

less design margin than what would be the case for a 2GHz carrier frequency, fcarrier with,

for example, 50MHz signal bandwidth. The IC technology speed is similar in both cases,

but the designmargin and performance depend on the technology beingmuch faster than

the required signal processing, which means that the 2GHz design will have better

performance.

The graph in Fig. 29.18 shows expected evolution of some transistor parameters

important for mm-wave IC design, as predicted by the International Technology Road-

map for Semiconductors (ITRS). Here ft, fmax, and Vdd/BVceo data from the ITRS 2007

targets [37] for CMOS and bipolar RF technologies are plotted vs. the calendar year

when the technology is anticipated to become available. ft is the transistor transit fre-

quency (that is, where the RF device’s extrapolated current gain is 0dB), and fmax is

the maximum frequency of oscillation (that is when the extrapolated power gain is

0dB). Vdd is the RF/high-performance CMOS supply voltage and BVceo is the bipolar

transistor’s collector-emitter base open breakdown voltage limits. For example, an RF

CMOS device is expected to have a maximum Vdd of 700mV by 2024 (other supply

voltages will be available as well, but at a lower speed).
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ITRS has recently been replaced by the International Roadmap for devices and Sys-

tems (IRDS). In the IRDSOutside SystemConnectivity 2018 update [97] expected per-

formance data for high-speed bipolar NPN transistors is listed, as illustrated in the graph

in Fig. 29.19.

The free space wavelength at 30GHz is only 1cm which is one tenth of what is the

case for existing 3GPP bands below 6GHz. Antenna size and path loss are related to

wavelength and carrier frequency. To compensate the small physical size of a single

antenna element, multiple antennas, for example array antennas, will have to be used.

When beam forming is used the spacing between antenna elements will still be related

to the wavelength, constraining the size of the FE and RX. Some of the implications of

these frequency and size constraints are:

• The ratios ft/fcarrier and fmax/fcarrier will be much lower at millimeter wave frequencies

than for below 6GHz applications. As the receiver gain drops with operating fre-

quency when this ratio is less than some 10–100�, the available gain at millimeter

waves will be lower and consequently the device noise factor, Fi, higher (similar to

when Friis’ formula was applied to a transistor’s internal noise sources).

Fig. 29.18 Expected evolution over time of some transistor parameters: ft, fmax, and Vdd/BVceo [39].
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• The semiconductor material’s electrical breakdown voltage (Ebr) is inversely

proportional to the charge carrier saturation velocity (Vsat) of the device due to the

Johnson limit. This can be expressed as vsat�Ebr ¼constant or fmax�Vdd ¼constant.

Consequently, the supply voltage will be lower for millimeter-wave devices compared

to devices in the low GHz frequency range. This will limit the CPi and the maximum

available dynamic range.

• A higher level of transceiver integration is required to save space, either as system-on-

chip (SoC) or system-in-package (SiP). This will limit the number of technologies

suitable for the RF transceiver and limit FRX.

• RF filters will have to be placed close to the antenna elements and fit into the array

antenna. Consequently, they have to be small, resulting in higher physical tolerance

requirements, possibly at the cost of insertion loss and stopband attenuation. That is, IL

and selectivity get worse. The filtering aspect for mm-wave frequencies is further elab-

orated on in Section 29.4.

• Increasing the carrier frequency from 2GHz to 30GHz (that is>10�) has a significant

impact on the circuit design and its RF performance. For example, modern high-

speed CMOS devices are velocity saturated and their maximum operating frequency

is inversely proportional to the minimum channel length, or feature size. This dimen-

sion halves roughly every 4years, as per Moore’s law (stating that complexity, that is

transistor density, doubles every other year). With smaller feature sizes, internal

voltages must also be lowered to limit electrical fields to safe levels. Thus, designing

a 30GHz RF receiver corresponds to designing a 2GHz receiver using about
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Fig. 29.19 Expected evolution of bipolar highspeed NPN parameters (ft, fmax, BVceo, and BVcbo) versus
technology node (N2–N5) and production year [97].
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15-year-old low-voltage technology (that is today’s breakdown voltage but 15years

old ft (see Fig. 29.18) with ITRS device targets). With such a mismatch in device per-

formance and design margin it is not to be expected to maintain both 2GHz perfor-

mance and power consumption at 30GHz.

The signal bandwidth at mm-wave frequencies will also be significantly higher than at

2GHz. For an active device, or circuit, the signal swing is limited by the supply voltage

at one end and by thermal noise at the other. The available thermal noise power of a

device is proportional to BW/gm, where gm is the intrinsic device gain (transconduc-

tance). As gm is proportional to bias current it can be seen that the dynamic range

becomes the ratio

DR∝Vdd
2 � Ibias=BW ¼ Vdd � P=BW

or

P∝BW �DR=Vdd

where P is the power dissipation.

Receivers for mm-wave frequencies will have an increased power consumption due

to their higher BW, aggravated by the low-voltage technology needed for speed, com-

pared to typical 2GHz receivers. Thus, considering the thermal challenges given the sig-

nificantly reduced area/volume for mm-wave products, the complex interrelation

between linearity, NF, bandwidth and dynamic range in the light of power dissipation

should be considered.

29.6 Summary

This chapter gave an overview of what mm-wave technologies can offer and how to

derive requirements. The need for highly integrated mm-wave systems with many trans-

ceivers and antennas will require careful and often complex consideration regarding the

power efficiency and heat dissipation in small area/volume affecting the achievable

performance.

Important areas presented were DAC/ADC converters, power amplifiers, and the

achievable power versus efficiency as well as linearity. Receiver essential metrics are noise

figure, bandwidth, dynamic range, and power dissipation and they all have complex

dependencies. The mechanism for frequency generation as well as phase noise aspects

were also covered. Filtering aspects for mm-wave frequencies were shown to have sub-

stantial impact in new NR bands and the achievable performance for various technolo-

gies and the feasibility of integrating such filters into NR implementations needs to be

accounted for when defining RF requirements. All these aspects are accounted for

throughout the process of developing the RF characteristics of NR in Frequency

Range 2.
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CHAPTER 30

Further 5G evolution and the first step
toward 6G

The first release of 5G/NR (release 15) primarily focused on eMBB services and, to some

extent, URLLC. Later releases have provided further enhancements to these areas, but

also introduced new features addressing new deployment scenarios and new verticals as

described in the previous chapters. With release 18 nearing its completion, 3GPP has

initiated discussions on the next release, that is, release 19 (Fig. 30.1).

The content of release 19 is, at the time of this writing, not decided upon, but most

likely will contain enhancements to existing features as well as new features. Studies car-

ried out in release 18 – for example the studies on network energy efficiency and duplex

enhancements – are likely to form the basis for work items in release 19. Although NR

will continue to evolve for many years, release 19 will likely also be the starting point for

discussions on the next generation cellular networks, commonly referred to as 6G, with

release 19 looking into basic requirements. It is then expected that this will be followed

by a 6G study item in release 20 and the actual specification work taking place in release

21. This is needed in order to match the ITU time plan for IMT-2030, as well as to ensure

commercial deployment of 6G systems in the 2030 time frame.

In the following, some potential technology components for the coming 3GPP

releases are discussed. By no means are the set of components exhaustive and there is

no guarantee that these technologies will be specified in 3GPP. Nevertheless, it provides

some insights into the direction cellular technology may evolve in the future.

30.1 General enhancements to NR

A large part of the additions included in a certain release have, in general, been enhance-

ments to features in the previous release and release 19 is not expected to be any different

in this respect. Although some of these enhancements might be relatively small and lim-

ited in scope, one should not underestimate the benefits of gradual improvement since

they do contribute to making NR an even more efficient system.

Multi-antenna transmission has been part of NR since the beginning and has been

continuously evolving in every release. Enabling larger array sizes, for example, to

improve coverage, is one important area to consider, in particular in FR2 and the higher

part of FR1 where the physical antenna size could still remain modest despite an increase
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in the number of antenna elements. In many cases, hybrid beamforming solutions are

used as the number of radio chains and AD/DA converters otherwise becomes prohib-

itively large. Obtaining CSI with a large number of antenna elements is challenging and

enhancements to CSI reporting might prove useful.

In FR2, a larger number of antenna elements translates into an increased number of

beams. Combined with improved beam management to further speed up establishing a

connection on a higher frequency band this can be useful to offload traffic from more

scarce lower-frequency spectrum. To avoid the larger number of beams to lead to an

increase in RRC reconfigurations, mechanisms to handle this using DCImight be useful,

for example to dynamically switch QCL relations and further improve the dynamic han-

dling of SRS. Multi-TRP enhancements, for example antenna calibration and coherent

joint transmission are yet other possibilities.

Mobility is another example of a feature with enhancements in multiple releases. L1/

L2-triggered mobility is introduced in release 18, although limited to mobility between

cells belonging to the same gNB (or, more specifically, to the same CU). A natural area to

consider in release 19 is inter-gNB L1/L2-triggered mobility.

Improved uplink performance was identified as an important part of Release 18.

However, there was insufficient time to specify PRACH beam sweeping with beam

indication for msg3. This can be a target for future NR evolution.

30.2 Duplex evolution

One of the much-debated topics in release 18 is duplex enhancements, in particular

subband full duplex. To investigate the feasibility and potential benefits for full duplex,

a study was carried out in release 18 [119], focusing on subband full duplex at the gNB

and conventional time-domain separation at the device. In subband full duplex, uplink

transmissions in unpaired spectrum can occur in parts of the downlink slots, see

Fig. 30.2. This might be beneficial in, for example, terms of uplink latency as data

can be transmitted “when needed” without having to wait for an uplink time slot.

Thus, from a latency perspective, subband full duplex would come close to the per-

formance of FDD-based deployments, despite operating in unpaired spectrum.

“IMT-2030“
requirements

“IMT-2030“
proposals

“IMT-2030”
spec

ITU

3GPP

2022 2023 2024 2027 2028 2029 20302025 2026

Rel-20Rel-18 Rel-19 Rel-21 Rel-22

6G requirements 6G study item 6G work item 6G evolution

5G

6G

WRC-23 WRC-27

5G evolution

Fig. 30.1 NR evolution and the path to 6G.
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However, cross-link interference, especially inter-site and inter-sector interference is

very challenging. Handling the interference might be possible in a low-power, non-

sectorized deployment while being extremely challenging in high-power macro

deployments with three-sector sites.

The release 18 study item has not come to a firm conclusion on the performance gains

and the feasibility of subband full duplex. Continued work in this area is one possibility

for the future. It should be noted that mechanism for handling inter-site interference

problems would enable dynamic TDD to be applicable in a much wider range of scenar-

ios than today, providing similar gains as full duplex without the need for handing the

self-interference.

30.3 AI/ML

In recent years there has been significant focus on AI/ML in many areas and radio com-

munication networks are no exception. Already today, many functions of cellular systems

can be, and are, implemented using AI/ML techniques in a proprietary manner without

explicit standardization support. In other words, AI/ML techniques are just yet another

set of tools in the overall implementation toolbox. The set of problems benefitting from

AI/ML is still under discussion. However, in general, AI/ML-based solutions are more

applicable to complex problems that lack a relatively simple, but still accurate, model of

the real world and for which non-linear solutions, together with training based on vast

amount of data for training, are anticipated to provide major gains.

As discussed in Chapter 5, 3GPP studied the applicability of AI/ML to cellular com-

munication in release 18 [121,125], focusing on three areas:

• CSI feedback, for example, reduced overhead and/or improved accuracy;

• Beammanagement, for example, beam prediction to reduce overhead and more accu-

rate beam selection; and

• Positioning, for example, ways to improve the accuracy in different (non-line-

of-sight) scenarios.

These studies are likely to form the basis for specification work in future releases.

30.4 Network energy efficiency

Network energy efficiency is a very important aspect for an operator, both from a cost

perspective and from an environmental angle (reduction of CO2 emissions). This was

(dynamic) TDD subband full duplex “true” full duplex
time

freq.

DL DL DL UL

Fig. 30.2 TDD, subband full duplex, and “true” full duplex.

663Further 5G evolution and the first step toward 6G

https://t.me/learningnets



identified early in the 5G design and was one of the main drivers for the ultra-lean-design

principle of NR (see Section 5.1.2). Nevertheless, further enhancements are possible

according to the release 18 study [126]. Some of these enhancements, for example

on-demand SSB transmissions, SSB optimizations for SCells, and dynamic adaptation

of PRACH occasions, are possibilities for future NR evolution.

30.5 Zero-energy devices and ambient IoT

Support for massive machine-type communication is currently provided by the NB-

IoT and eMTC technologies. Although device power consumption is low, these

devices typically still rely on an ordinary chargeable battery as the energy source.

For a truly massive number of sensors, this may not be feasible and devices which, from

an end-user perspective, can operate without an ordinary battery may be required.

A “zero-energy” device is in essence a device operating without the need for

explicit charging or battery replacement. Instead, the energy necessary for operation

is harvested from the surroundings, for example vibrations, temperature gradients, or

even the RF energy itself. Given the minuscule amounts of power possible to harvest,

the amount of data possible to transmit is very small, possibly requiring rethinking

many of the existing protocols and procedures. Performance-wise, the data rates

and capabilities in general are below NB-IoT/eMTC, see Fig. 30.3. This is an inter-

esting area for future 6G systems and 3GPP has already started initial discussions on

such devices using the term “ambient IoT”, aiming at partial support already as part

of 5G-Advanced.
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Fig. 30.3 “Zero-energy” devices/ambient IoT in relation to eMTC/NB-IoT and RedCap.
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30.6 Joint communication and sensing

Positioning support has been part of cellular systems for several releases and will continue

to be an important service offered by the networks. Joint communication and sensing

takes this one step further. Given the large number of cellular nodes installed for com-

munication purposes, can these nodes in addition be used for sensing purposes with no or

little extra cost? This would open up a wide range of new use cases such as collecting

information for digital twins, real-time updates of maps and using sensing for radio-

resource management in the communication network. The sensing capability could

be in the form of “radar”-like sensing building a map of the surroundings, but also sensing

other interesting quantities such as precipitation, see Fig. 30.4.

Sensing is to a large extent still in the research stage with questions such as waveform

design, multi-antenna techniques, coexistence between sensing and communication, and

privacy aspects. It is expected to be part of future 6G systems, but initial studies on, for

example, suitable channel models for sensing research, might be part of release 19.

30.7 The road to 6G

The requirements on the next-generation cellular systems, 6G, are likely to be discussed

in release 19 as already mentioned. Starting 6G discussions already in release 19, given

that 5G networks are still being deployed at a rapid pace, may sound early. However,

targeting initial deployments of 6G around 2028 and widespread deployments in

2030, and the fact that developing 6G specifications takes time, requirement discussions

need to start in release 19 as shown in Fig. 30.1.

Not only will 6G meet the expanding needs of current use cases, it also needs to

address new, including not-yet-foreseen, use cases and deployment scenarios. Predicting

future use cases is very difficult, if not impossible, but nevertheless is such an exercise

Sense local presence and/or
characteristics of objects

Sense the local weather conditions

Sense the local environment

Reconnaissance or sense
remote presence of objects

Fig. 30.4 Examples of sensing scenarios.
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valuable and results in an expansion of the requirement space. A discussion on some pos-

sible use cases can be found in [128].

With the potential use cases in mind, the set of requirements for a future 6G system

can be identified, see Fig. 30.5. Some of the requirements, for example mobility, cov-

erage, and capacity, are recognized from earlier cellular generations although the num-

bers may be different. Data rates and latency are two other requirements typically found

also in earlier generations. However, it should be emphasized that simply scaling the 5G

requirements is not the right approach. For example, scaling up the 5G peak rate would

result in data rates in the Tbit/s range which is very seldom needed and would come with

a very small coverage. Instead, it is important to improve the achievable data rate, that is,

what a typical user would expect in the system. A similar reasoning can be applied to the

latency; reducing the latency jitter is in most cases much more useful than scaling down

the smallest latency in the radio interface.

Apart from some of the more familiar requirements, 6G should also address new areas,

shown in the outer part of Fig. 30.5. Resilience and service availability, for example,

address the fact that the society more and more relies on having connectivity in place,

even in case of unexpected events such as natural disasters, accidents, and human mis-

takes. Cellular networks may also be used for sensing, which can be seen as an expansion

LatencyEnergy 
efficiency

Coverage
Traffic 

capacity

Positioning 
& timing

Achievable 
data rates

Cost efficient, 
secure, 

sustainable

Privacy Resilience
Service availability

Network 
sensing

Deployment 
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Dependable 
compute/AI

Service 
versatility

Device 
diversity

Mobility

Fig. 30.5 Illustration of some requirements on 6G.
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of the positioning services possible also in 5G. A wide range of devices, from simple zero-

energy sensors to very high-end smartphone and communicating machines need to be

handled, covered under the device diversity term in the figure. The possibility to quickly

and in a simple way introduce new services is captured under service versatility. Depend-

able compute is another area, typically not discussed in previous generations. It relates to

the fact that many tasks require not only communication services but also compute capa-

bilities, and these compute resources must also be provided in a predictable manner. This

requirement is also an illustration that 6G is wider in scope than 5G, which was more

oriented toward communication only.

Last but not least, 6G must be able to meet these requirements in a cost efficient, sus-

tainable, and secure manner, shown at the core of the circular figure.

Spectrum-wise, 6G is expected to address an even wider frequency range than 5G,

from around 450MHz up to the sub-THz range and including both frequency bands

used for 5G as well as new frequency bands (Fig. 30.6). The sub-THz range my provide

fairly large amounts of spectrum and correspondingly high data rates, but given the prop-

agation conditions at these frequencies, the coverage will be very limited and the sub-

THz frequencies will likely play a complementary role for specific scenarios rather than

widespread use in general. Furthermore, themm-wave spectrum already today provides a

fair amount of spectrum suitable for denser deployments.

The other “new” spectrum range – the centimeter waves in 7–24GHz, especially the

lower range 7–15GHz – is also an interesting frequency range for 6G, striking a good

balance between the amount of spectrum potentially available the coverage. This spec-

trum range is currently used for other, non-cellular systems and coexistence mechanisms

are therefore important.

From a coverage perspective, the lower frequency bands, below 6GHz, will play an

important role despite a very limited amount of new spectrum in that range being

expected. To facilitate a smooth introduction of 6G, dynamic spectrum sharing with

5G is crucial with a corresponding impact on the choice of waveform.

Once the requirements are defined and agreed upon in release 19, the technical solu-

tions can be discussed in release 20. As already mentioned, 6G will be able to exploit a

very wide range of frequency bands. It is also foreseen that 6G will be a stand-alone tech-

nology, able to operate without relying on a 5G system being deployed it the same geo-

graphical area. Together with dynamic spectrum sharing, a stand-alone system allows the

1 GHz 3 GHz 10 GHz 30 GHz 100 GHz 300 GHz

“centimetric range” “sub-THz”

Current 5G spectrum ranges Possible new 6G spectrum ranges

“mm-wave”“sub-6 GHz”

Fig. 30.6 Spectrum range for 6G.
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overall 6G architecture to be simplified and avoiding architecturally complex dual con-

nectivity solutions.

Clearly, providing a detailed list of all the 6G technology components is premature at

this stage, but it is likely than many of the technology components found in 5G will be

refined and reused, based on the experience of 5G deployments. Some of the technol-

ogies developed for NR in release 19, for example zero energy devices (Section 30.5) and

sensing (Section 30.6), can be thought of as precursors to the full 6G solution. For a dis-

cussion of potential 6G technology components, see [128,129].

30.8 Concluding remarks

Above, some technologies which may play a role in both in the 5G evolution in release

19 has been outlined. Clearly, the NR evolution will continue for several releases after

that, in parallel to the upcoming 6G standardization. As always, when trying to predict

the future, there are a lot of uncertainties and new, not-yet-known requirements or tech-

nologies, which may motivate evolutions into directions not discussed above. It is clear

though that NR is a very flexible platform, capable of evolving in a wide range of direc-

tions and an attractive path to future wireless communication for many years to come.
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Physical broadcast channel (PBCH), 73, 375,

383–385, 383t
Physical downlink control channel (PDCCH), 45,

220–223, 220–221f, 349–352, 359–363,
501–502

Physical-layer control signaling

downlink signaling

beam indication for network-controlled

repeaters, 248

blind decoding and search spaces, 229–236
cancellation indicator, 247

control resource set, 223–229
DRX activation, 247

dynamic TRS control, 247

frequency-domain resources, signaling of,

248–251
multicast/broadcast scheduling, 247

paging early indicator, 247

physical downlink control channel, 220–223
power control commands, 246

preemption indication, 246

scheduling assignments, 236–241
scheduling grants, 241–245
sidelink scheduling, 247

slot format indication, 246

soft resource indicator, 247

SRS control commands, 246

time-domain resources, signaling of, 251–253
transport-block sizes, signaling of, 253–255

uplink signaling

basic PUCCH structure, 257–258
PUCCH format 0, 258–260, 260f
PUCCH format 1, 260–262, 261f
PUCCH format 2, 262, 263f

PUCCH format 3, 263–264, 264f
PUCCH format 4, 265, 265f

PUCCH transmission, resources and

parameters for, 265–267
PUSCH, control signaling on, 267–268

Physical random-access channel (PRACH),

390–391
Physical resource blocks, 144–145, 146f
Physical sidelink broadcast channel (PSBCH), 564

Physical sidelink control channel (PSCCH),

564–567
Physical sidelink feedback channel (PSFCH), 564,

567–568
Physical sidelink shared channel (PSSCH),

564–567
Physical uplink control channel (PUCCH)

basic structure, 257–258
format 0, 258–260, 260f
format 1, 260–262, 261f
format 2, 262, 263f

format 3, 263–264, 264f
format 4, 265, 265f

formats, 71

transmission, resources and parameters for,

265–267
transmissions, 308, 497

Point-to-multipoint (PTM) transmissions, 506,

508–509
Positioning

accuracy, 589

downlink-based positioning, 590–594
uplink-based positioning, 594–595

Positioning reference signal (PRS), 88, 207

Positioning reference signal received power

(PRS-RSRP), 593

Power-added efficiency (PAE), 645

Power amplifier (PA), 615–616, 644
Power back-off, 615–616
Power-control command, 368

Power dissipation, 637

Power efficiency, 637–638
Power headroom reports, 347–348, 348f
Power spectral density (PSD), 434–436, 436f
and dynamic range, 656

Primary synchronization sequence (PSS), 375,

376f

detailed structure, 378–380
Prioritized bit rate (PBR), 343

PUSCH, 149

allocation, 502

coherent demodulation, 283

mapping, 209, 210f

resource allocation enhancements, 486–487
transmission, 155–156, 307–308
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Q
QoS flow identifier (QFI), 119

Quality-of-service handling, 119

Quasi-colocation (QCL), 166–168
Q-value, 652

R
Radiated interface boundary (RIB), 607

Radiated requirements, 607

Radiated transmit power, 626

Radio-access network, 505

Radio-access technologies, 602

Radio distribution network, 606

Radio-interface architecture

5G core network

access and mobility management function

(AMF), 97

access stratum (AS), 97

authentication server function (AUSF), 97

control-plane/user-plane split, 96

evolved packet core (EPC), 95

network slicing, 96

NR and LTE radio accesses, 97–98
policy control function (PCF), 97

service-based representation, 96, 96f

session-management functions (SMF), 97

user plane function (UPF), 97

radio-access network

EPC and ng-eNB, 98–100
interfaces, 99f

LTE-NR dual connectivity, 100f

RRM functions, 99

Radio interface technologies (RITs), 10

Radio-link control (RLC), 103–104, 106–107
Radio protocol architecture

control plane protocol stack, 101f

medium-access control (MAC), 103, 107–116
NR downlink protocol architecture, 102f

packet data convergence protocol (PDCP),

102–106
physical layer (PHY), 103, 116–117
QoS flows and data radio bearers, 101

radio-link control (RLC), 103–104, 106–107
service data application protocol (SDAP), 101,

103–104
user plane, 101f, 103f

Radio resource control (RRC)

NAS control-plane functionality, 121

radio-link monitoring, 124

RRC_CONNECTED, 123

RRC_IDLE, 123

RRC_INACTIVE, 124

signaling radio bearers (SRBs), 122

state machine, 122–124
wireless communication systems, 122–123

Radio resource management (RRM) functions, 99

Radio technologies, 519–520
Random access

beyond initial access, 402–404
contention resolution, 400–402
at handover, 403

PDCCH order, 404

preamble transmission

basic structure, 393–394
long preambles, 395, 395t

non-terrestrial networks (NTN), 399

power control and power ramping, 399

RACH configuration and resources,

391–393
short preambles, 395–397, 396t

procedures, 477

response, 399–400
supplementary uplink, 402

system information (SI) request, 403–404
two-step RACH, 404–410

Random-access-based SDT, 503

Random-access response (RAR), 390, 399–400
Received power, 589

Received signal strength indicator (RSSI), 430

Receiver and noise figure model, 653

Receiver-bandwidth adaptation, 147, 357

Receiver intermodulation, 623

Receiver spurious emissions, 635

Receiver susceptibility, 625

Reception, 498

RedCap devices, 385–386
bandwidth reduction and initial access,

496–497
enhanced DRX and neighboring cell

measurements, 499–500
half-duplex FDD, 498–499
higher-layer complexity reductions, 499

single-branch Rx antenna, 497–498
Reference sensitivity

and dynamic range, 625

requirement, 621

Reference signal received power (RSRP), 430
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Reference signals

CSI reference signals (CSI-RS), 207

demodulation reference signals (DM-RS),

207–217
phase-tracking reference signals (PT-RS), 207,

217

positioning reference signals (PRS), 207

sounding reference signals (SRS), 207

tracking reference signals (TRS), 207

Regenerative payloads, 547

Regional requirements, 610–611
Relative power tolerance, 613

Relative-signal-time-difference measurement

(RSTD), 593

Release 15

beam-centric design, 71–73
control channels, 71

DFT-precoded OFDM, 65

duplex schemes, 68–69
forward compatibility, 64

frame structure, 67f

higher-frequency operation, 62–63
initial access, 73–74
interworking and LTE coexistence, 74–75
low-latency support, 69

multi-antenna transmission, 71–73
non-DFT-precoded OFDM, 65

OFDM symbols, 67

physical-layer specification, 65–66
receiver-bandwidth adaptation, 66

scheduling and data transmission, 70

spectrum flexibility, 62–63
ultra-lean design, 63–64

Release 18, 661, 663

Release 19, 661

Release-independent frequency-band principles,

599

Reliability, 20

Remote interference management (RIM), 81, 82f,

422–429, 423–424f
reference signals (RIM-RS), 427–428, 427f
resources, 428–429, 429f

Resilience, 666–667
Resource allocation, for sidelink, 563–564,

568–577, 568f
Resource-element groups (REGs), 220

Resource fragmentation, 497

Resource reservation/indication, 570–572
Retransmission protocols

error-correcting code, 309

hybrid-ARQ mechanism

codeblock-group retransmission, 313f

downlink, 312, 316–317
large transport block, 312

multiplexing, 319–321
PDCP protocol, 311

soft combining, 314–316
spatial multiplexing, 311–312
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uplink, 312, 317

packet data convergence protocol (PDCP),

331–332
radio-link control (RLC) protocol, 322–330
acknowledged mode, 326–330
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sequence numbering and segmentation,

324–326
retransmission functionality, 309

RF bandwidth edges, 628–629
RF characteristics

band-specific device requirements, 611

channel bandwidth and spectrum utilization,

602–604
conducted and radiated RF requirements for,

605–607
conducted output power level requirements

base-station output power and dynamic range,

612–613
device output power and dynamic range, 613

conducted receiver characteristics, 609

conducted sensitivity and dynamic range, 621

conducted transmitter characteristics, 609
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adjacent channel leakage ratio, 618–620
emission mask, n OOB domain, 616–618
implementation aspects, 615–616
occupied bandwidth, 620

spurious emissions, 620

transmitter intermodulation, 620–621
in different frequency ranges, 600–602
different frequency ranges for, 607–608
multiband-capable base stations, 632–635
multi-standard radio base stations, 627–630
non-contiguous spectrum, 630–632
overall structure of, device RF requirements,

604–605
radiated RF requirements, 623–627
receiver susceptibility, 621–623
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regional requirements, 610–611
spectrum flexibility implications, 597–600
transmitted signal quality

base-station time alignment, 614

device in-band emissions, 614

EVM and frequency error, 614

type 1-C and 1-H, 611–612
RF technologies, mm-wave frequencies

ADC and DAC considerations, 638–639
carrier frequency and, 656–659
compression point and gain, 655

filtering aspects, 646–652
LO generation and phase noise aspects, 639–644
noise factor and noise floor, 654–655
power amplifiers efficiency, 644–645
power spectral density and dynamic range, 656

receiver and noise figure model, 653

Roundtrip time (RTT), 589

Rx – Tx time difference, 595

S
SCell dormancy, 355

Scheduling

dynamic (see Dynamic downlink scheduling)

dynamic TDD, 349

power-saving mechanisms, 351–363
Scheduling grants, 151

Scheduling request, 343–345, 345f
Search space groups, 359, 464

Search spaces, 229–236, 230f, 232f
Search-space-set-group (SSSG) switching, 359–361,

360f

Secondary synchronization sequence (SSS), 375,

376f

detailed structure, 378–380
Security and privacy, 20

Selective forwarding, 541

Self scheduling, 152f, 335–336, 335f
Semiconductor technology, 643–644
Semi-dynamic indication, 534

Semi-persistent beam indication, 540

Semi-persistent scheduling, 349–351, 485–486, 515
Semi-static channel-access, 440, 447–449, 448f
Semi-static scheduling, 333

Sensing and resource selection, 572–576
Service data application protocol (SDAP), 101,

103–104
Service link, 547

Sidelink-based positioning, 589

Sidelink communication

carrier aggregation, 587

channel sounding and CSI reporting, 581

consecutive symbols, 562–563, 563f
deployment scenarios, 560, 560f

hybrid-ARQ feedback, 578–580
mmwave spectrum, enhanced operation in, 586

physical channels, 564–568
power control, 580–581
resource allocation, 563–564, 568–577
resources, 561–564
synchronization, 581–586
time/frequency structure, 562, 562f

transmission scenarios, 560, 560f

unlicensed spectrum, support for operation in,

587

Sidelink control information (SCI), 565

Sidelink scheduling, 247

Signal-to-noise-and-distortion ratio (SNDR)-based

Schreier Figure-of-Merit (FoM), 638–639
Simultaneous transmission, RedCap, 498

Single-branch Rx antenna, RedCap, 497–498
Single-cell point-to-multipoint (SC-PTM), 60

Single frequency networks, 509–510
Slot aggregation, 515

Slot format indicator (SFI), 163, 246

Small-cell deployments, 519

Small-data transmission, 500–503
with configured grants, 503

with random access, 501–502
triggering of, 501

Sounding reference signal received power,

positioning, 595

Sounding reference signals, positioning, 163, 207,

594

frequency domain, 182

frequency hopping, 185

mapping to physical antennas, 186–187
multi-port SRS resource, 184

report type and resource type, 181t

resource sets, 186

time-domain structure, 185–186
time/frequency structures, 182f

Zadoff-Chu sequences, 182–184
Spatial multiplexing, 137

Spectrum allocations, 599

Spectrum and bandwidth flexibility, 20

Spectrum efficiency, 18

Spectrum emissions mask (SEM), 615
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Spectrum for 5G

frequency bands for NR, 34–35
global spectrum situation, 32–34
IMT systems by ITU-R, 30–32
mobile systems, 29–34

Spectrum range, for 6G, 667, 667f

Spectrum regulation, 8

Spectrum regulators, 519

Spherical coverage requirement, 625

Spurious domain, 615

SSBs. See Synchronization signal blocks (SSBs)

Stand-alone operation, 61, 95, 97–98
Sub-block gaps, 631–632
Subcarrier spacing configuration, 140

Supplementary downlink (SDL), 29

Supplementary uplink (SUL), 153–156, 402
carrier aggregation, 154–155, 155f
carrier co-existing, 154f

carrier complementing, 153f

uplink control signaling, 155–156
Surface Mount Assembly (SMT), 652

Synchronization raster, 377

Synchronization signal blocks (SSBs), 375–380
basic structure, 375–377, 376f
cell-defining and non-cell-defining, 385–386
frequency-domain position, 377

periodicity, 378

time domain, 380–383
System information, 386–388
System information blocks (SIBs), 386–388, 388t
System-in-package (SiP), 658

System-on-chip (SoC), 658

T
TDD-specific interference scenarios

cross-link interference, 429–431
remote interference management, 422–429

Temporary mobile group identity (TMGI),

506–507
Time-division duplex (TDD) operation, 29, 43,

157–159
Time-domain coordination, 532–535
Time-domain resources, signaling of, 251–253
Time-frequency resources, 508

Time-frequency synchronization, 363

Time-sensitive networks (TSN), 492–494, 493f
Timing advanced groups (TAGs), 374

Timing condition, 557

Timing mode, integrated access backhaul, 525

Tracking reference signal (TRS), 176–177, 207
Transceiver array boundary, 606

Transceiver unit array, 606

Transmission bandwidths, 602

Transmission bursts, 440

Transmission configuration indicator (TCI)

framework, 77

Transmission reception point, 18

Transmission scheme, 137–140
Transmission time interval (TTI), 189

Transmit power control (TPC), 436

Transmitted signal quality, 609, 613–614, 625
Transmitter intermodulation, 620–621, 635
Transmitter spurious emissions, 635

Transmit-timing advance, 372, 373f

Transparent payloads, 547

Transparent vs. regenerative payloads, 546–548
Transport-block sizes, signaling of, 253–255
Transport-channel processing, 189–190, 508–509
channel coding

code-block segmentation, 191–192
CRC attachment per transport block, 191

LDPC codes, 192

downlink reserved resources, 204–206
error-detecting purposes, 189–190
layer-mapping step, 196–197
modulation, 196

multi-antenna precoding

downlink precoding, 198–199
uplink precoding, 199–201

physical-layer hybrid-ARQ functionality,

193–195
rate matching, 194

resource-block mapping, 201–204
scrambling, 195–196
soft combining, 194–195
transmission time interval (TTI), 189

uplink DFT precoding, 197–198
Two-step RACH

benefits, 405

drawback, 405

preamble transmission, 405–406
PUSCH resources, 407–409
PUSCH transmission, 406–407

U
UE power class, 613

Ultra-reliable and low latency communications

(URLLC), 15, 85
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Unicast transmission, 506, 560

Unlicensed spectrum

channel access, 439–451
downlink control signaling, 462–470
downlink data transmission, 451–456
5GHz band, 434–436, 435f
6GHz band, 437

60GHz band, 437, 437f

IIoT and URLLC, 491–492
initial access, 474–477
technology components, 437–439
uplink control signaling, 471–474
uplink data transmission, 456–462

Unwanted emissions, 609

Uplink and downlink scheduling, 117

Uplink-based positioning, 88–89, 594–595
Uplink cancellation, 481–482, 482f, 483
Uplink collision resolution, 483–484
Uplink-configured grant transmission, 485

Uplink control signaling, 152–153
Uplink-only coexistence, 417, 417f

Uplink orthogonality, 372

Uplink power boosting, 482–483, 483
Uplink power control

baseline power control, 366–368
beam-based power control, 368–370
multiple uplink carriers, 371–372
PUCCH, 370–371

Uplink preemption, 481–483
Uplink priority handling, 340–343, 344f
Uplink scheduler, 338–348, 339–340f
Uplink timing control, 372–374, 373f
Uplink-to-downlink interference, 421,

422f

Uplink transmissions, 506

User equipment (UE), 605

V
Vehicle-to-everything (V2X), 559

Video surveillance, 495

Voltage Controlled Oscillator (VCO), 640

W
Wake-up signals, 354, 354f

Wearables, 495

Wide area base stations, 611, 624

Wideband CDMA (WCDMA) technology, 3

Wideband operation, 451, 451f

World Administrative Radio Congress

(WARC-92), 30

Z
Zadoff-Chu sequences, 182–184
Zero-correlation-zone parameter, 394

Zero-energy device, 664
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