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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.
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Xii Preface

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 1s 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.

https://t.me/learningnets



Acknowledgments

We thank all our colleagues at Ericsson for assisting in this project by helping with con-
tributions to the book, giving suggestions and comments on the contents, and taking part
in the huge team eftort of developing NR and the next generation of radio access for 5G.

The standardization process involves people from all parts of the world, and we
acknowledge the efforts of our colleagues in the wireless industry in general and in
3GPP RAN in particular. Without their work and contributions to the standardization,
this book would not have been possible.

Finally, we are immensely grateful to our families for bearing with us and supporting
us during the long process of writing this book.

Xiii

https://t.me/learningnets



This page intentionally left blank

https://t.me/learningnets



Abbreviations and acronyms

3GPP
5GCN
AAS
ACIR
ACK
ACLR
ACS
ADC
AF
AGC
Al

AM
AM
AMF
A-MPR
AMPS
AoA
AP
AR
ARI
ARIB
ARQ
AS
ATIS
AUSF
AWGN
BAP
BC
BCCH
BCH
BiCMOS
BPSK
BS
BW
BWP
CA

https://t.me/learningnets

third generation partnership project

5G core network

active antenna system

adjacent channel interference ratio
acknowledgment (in ARQ protocols)
adjacent channel leakage ratio

adjacent channel selectivity
analog-to-digital converter

application function

automatic gain control

artificial intelligence

acknowledged mode (RLC configuration)
amplitude modulation

access and mobility management function
additional maximum power reduction
advanced mobile phone system

angle of arrival

application protocol

augmented reality

acknowledgment resource indicator
Association of Radio Industries and Businesses
automatic repeat-request

access stratum

Alliance for Telecommunications Industry Solutions
authentication server function

additive white Gaussian noise

backhaul adaptation protocol

band category

broadcast control channel

broadcast channel

bipolar complementary metal oxide semiconductor
binary phase-shift keying

base station

bandwidth

bandwidth part

carrier aggregation

XV



XVi

Abbreviations and acronyms

CACLR
CBG
CBGFI
CBGTI
CC
CCCH
CCE
CCSA
CDM
CDMA
CEPT

CFR
CITEL
CHO
CLI
C-MTC
CMAS
CMOS
CN
CoMP
CORESET
COT

CP

CP

CQI
CRB
CRC
C-RNTI
CS

CSI
CSI-IM
CSI-RS
CS-RNTI
CSS

CU

CWwW

D2D
DAC
DAI
D-AMPS
DAPS

cumulative adjacent channel leakage ratio
Codeblock group

CBG flush information

CBG transmit indicator

component carrier

common control channel

control channel element

China Communications Standards Association
code-division multiplexing/code-domain multiplexing
code-division multiple access

European Conference of Postal and Telecommunications
Administration

common MBS frequency resource
Inter-American Telecommunication Commission
conditional handover

cross-link interference

critical machine-type communications
commercial mobile alert service
complementary metal oxide semiconductor
core network

coordinated multi-point transmission/reception
control resource set

channel occupancy time

cyclic prefix

compression point

channel-quality indicator

common resource block

cyclic redundancy check

cell radio-network temporary identifier
capability set (for MSR base stations)
channel-state information

CSI interference measurement

CSI reference signal

configured scheduling RNTI

common search space

centralized unit

continuous wave

device-to-device

digital-to-analog converter

downlink assignment index

digital AMPS

dual active protocol stacks

https://t.me/learningnets



DC

DC
DCCH
DCH
DCI
DFT
DECT
DFTS-OFDM
DL
DL-SCH
DM-RS
DR
DRB
DRX
DTX
DU

ECC
EDGE

EESS
eIMTA
EIRP
EIS
eMBB
EMF
eMTC
eNB
EN-DC
eNodeB
EPC
ETSI
ETWS
EUHT
E-UTRA
EVM
FBE
FCC
FD
FDD
FDM
FET
FDMA

https://t.me/learningnets

Abbreviations and acronyms

dual connectivity

direct current

dedicated control channel

dedicated channel

downlink control information

discrete Fourier transform

Digital Enhanced Cordless Telecommunications
DFT-spread OFDM (DFT-precoded OFDM, see also SC-FDMA)
downlink

downlink shared channel

demodulation reference signal

dynamic range

data radio bearer

discontinuous reception

discontinuous transmission

distributed unit

Electronic Communications Committee (of CEPT)
enhanced data rates for GSM evolution, enhanced data rates for
global evolution

earth exploration satellite systems

enhanced interference mitigation and traffic adaptation
effective isotropic radiated power

equivalent isotropic sensitivity

enhanced MBB

electromagnetic field

enhanced machine-type communication support, see LTE-M
eNodeB

E-UTRA NR dual-connectivity

E-UTRAN NodeB

evolved packet core

European Telecommunications Standards Institute
earthquake and tsunami warning system

enhanced ultra high throughput

evolved UTRA

error vector magnitude

frame-based equipment

Federal Communications Commission

frequency domain

frequency-division duplex

frequency-division multiplexing/frequency-domain multiplexing
field-eftect transistor

frequency-division multiple access

Xvii



xviii Abbreviations and acronyms

FFT fast Fourier transform

FoM figure-of-merit

FPLMTS future public land mobile telecommunications systems

FR1 frequency range 1

FR2 frequency range 2

FR2-1 frequency range 2-1

FR2-2 frequency range 2-2

GaAs gallium arsenide

GaN gallium nitride

GEO geostationary equatorial orbit

GERAN GSM/EDGE radio access network

gNB gNodeB (in NR)

gNodeB generalized NodeB

GNSS global navigation satellite system

GPS global positioning system

GSA Global mobile Suppliers Association

GSM Global System for Mobile Communications

GSMA GSM Association

GSO geostationary orbit

GTP GPRS tunneling protocol

HAP high-altitude platform

HAPS high-altitude platform station/system

HIBS high-altitude IMT base station

HARQ hybrid ARQ

HBT heterojunction bipolar transistor

HEMT high electron-mobility transistor

HFEN hyperframe number

HRNN human readable network name

HSPA high-speed packet access

IAB integrated access backhaul

IC integrated circuit

ICNIRP International Commission on Non-Ionizing Radiation

ICS in-channel selectivity

IEEE Institute of Electrical and Electronics Engineers

IFFT inverse fast Fourier transform

IIoT industrial IoT

IL insertion loss

IMD inter modulation distortion

IMT-2000 International Mobile Telecommunications 2000 (ITU’s name for the
family of 3G standards)

IMT-2020 International Mobile Telecommunications 2020 (ITU’s name for the

family of 5G standards)

https://t.me/learningnets



IMT-Advanced

InGaP
IoT

P

IP3

IR
IRDS
ITRS
ITU
ITU-R

ITS

KPI
L1-RSRP
LC

LAA
LBE

LBT
LCID
LDPC
LEO

LO

LNA
LPWA
LTCC
LTE
LTE-M
LTM
MAC
MAC-CE
MAN
MBB
MB-MSR
MBS
MCCH
MCG
MCS
MIB

ML
MMIC
MIMO

https://t.me/learningnets

Abbreviations and acronyms

International Mobile Telecommunications Advanced (ITU’s name
for the family of 4G standards)

indium gallium phosphide

Internet of things

Internet protocol

third order Intercept point

incremental redundancy

International Roadmap for Devices and Systems
International Telecom Roadmap for Semiconductors
International Telecommunications Union
International  Telecommunications Union-Radiocommunication
Sector

intelligent transportation systems

key performance indicator

Layer 1 reference signal received power
inductor(L)-capacitor

license-assisted access

load-based equipment

listen before talk

logical channel index

low-density parity check code

low earth orbit

local oscillator

low-noise amplifier

low power wide area

low temperature co-fired ceramic

long-term evolution

see eMTC

L1/L2-triggered mobility

medium access control

MAC control element

metropolitan area network

mobile broadband

multi-band multi-standard radio (base station)
multicast and broadcast services

multicast control channel

master cell group

modulation and coding scheme

master information block

maximum likelihood/machine learning
monolithic microwave integrated circuit
multiple-input multiple-output

Xix



XX

Abbreviations and acronyms

ML
mMTC
MPR
MSR

MT

MTC
MTCH
MU-MIMO
NAK
NB-IoT
NCJT
NCR
NCR-Fwd
NCR-MT
NDI

NEF

NF

NG

NG-c
NGMN
NG-u
NMT
NodeB

NOMA
NPN
NR
NRF
NS
NSA
NTN

NZP-CSI-RS

OAM
OBUE
OCC
OFDM
OOB
OSDD
OTA
OTDOA
PA

PAE

machine learning

massive machine-type communication
maximum power reduction

multi-standard radio

mobile terminal (in IAB context)
machine-type communication

multicast traffic channel

multi-user MIMO

negative acknowledgment (in AR Q protocols)
narrow-band Internet-of-things

non-coherent joint transmission

network controlled repeater

forwarding unit of NCR

control unit (“mobile terminal”) of NCR
new-data indicator

network exposure function

noise figure

the interface between the gNB and the 5G CN
the control-plane part of NG

next generation mobile networks

the user-plane part of NG

Nordisk MobilTelefon (Nordic Mobile Telephony)
NodeB, a logical node handling transmission/reception in multiple
cells. Commonly, but not necessarily, corresponding to a base station
nonorthogonal multiple access

non-public networks

new radio

NR repository function

network signaling

non-standalone

non-terrestrial network

non-zero-power CSI-RS

operation and maintenance

operating band unwanted emissions
orthogonal cover code

orthogonal frequency-division multiplexing
out-of-band (emissions)

OTA sensitivity direction declarations
over-the-air

observed time difference of arrival

power amplifier

power-added efficiency

https://t.me/learningnets



PAPR
PAR
PBCH
PCB
PCCH
PCell
PCF
PCG
PCH
PCI
PDC
PDCCH
PDCP
PDSCH
PDU
PEI
PHS
PHY
PLL

PM

PMI

PN
PRACH
PRB
P-RNTI
PRS
PSBCH
PSCCH
PSD
PSFCH
PSS
PSSCH
PTM
PTP
PUCCH
PUCCH-sCell
PUSCH
QAM
QCL
QoS
QPSK
RACH

https://t.me/learningnets

Abbreviations and acronyms

peak-to-average power ratio
peak-to-average ratio (same as PAPR)
physical broadcast channel
printed circuit board

paging control channel

primary cell

policy control function

project coordination group (in 3GPP)
paging channel

physical cell identity

personal digital cellular

physical downlink control channel
packet data convergence protocol
physical downlink shared channel
protocol data unit

paging early indicator

personal handy-phone system
physical layer

phase-locked loop

phase modulation
precoding-matrix indicator

phase noise

physical random-access channel
physical resource block

paging RNTI

positioning reference signal
physical sidelink broadcast channel
physical sidelink control channel
power spectral density

physical channel feedback channel
primary synchronization signal
physical sidelink shared channel
point-to-multipoint
point-to-point

physical uplink control channel
PUCCH switching cell

physical uplink shared channel
quadrature amplitude modulation
quasi co-location
quality-of-service

quadrature phase-shift keying
random-access channel

XXi



XXii Abbreviations and acronyms

RAN radio access network

RA-RNTI random-access RNTI

RAT radio access technology

RB resource block

RE resource element

RedCap reduced capability

RF radio frequency

RFIC radio frequency integrated circuit
RI rank indicator

RIB radiated interface boundary

RIM remote interference management
RIT radio interface technology

RLC radio link control

RLF radio link failure

RMSI remaining minimum system information
RNTI radio-network temporary identifier
RoAoA range of angle of arrival

ROHC robust header compression

RRC radio resource control

RRM radio resource management

RS reference symbol

RSPC radio interface specifications
RSRP reference signal received power
RTT roundtrip time

RV redundancy version

RX receiver

SA standalone

SAI sidelink assignment index
SBCCH sidelink broadcast control channel
SCell secondary cell

SCG secondary cell group

SCCH sidelink control channel

SCI sidelink control information
SCG secondary cell group

SCS sub-carrier spacing

SCTP stream control transmission protocol
SDAP service data application protocol
SDL supplementary downlink

SDMA spatial division multiple access
SDO standards developing organization
SDT small data transmission

SDU service data unit

https://t.me/learningnets



SEM

SFI
SFI-RNTI
SFN

SI

SIB
SIBn
SiGe
SINR
SIR

SiP
SI-RNTI
SL-BCH
SL-SCH
SL-SSB
SMF
SNDR
SNR
SoC
S-PSS
SR

SRB
SRI
SRIT
SRS

SS

SSB

SSS
SSSG
S-SSS
SMT
STCH
SUL
SU-MIMO
TAB
TACS
TBoMS
TCI
TCP
TC-RNTI
TDD
TDM

https://t.me/learningnets

Abbreviations and acronyms

spectrum emissions mask

slot format indicator

slot format indicator RNTI

system frame number (in 3GPP)/single-frequency network
system information message

system information block

system information block n

silicon germanium
signal-to-interference-and-noise ratio
signal-to-interference ratio
system-in-package

system information RNTI

sidelink broadcast channel

sidelink Shared Channel

sidelink SSB

session management function
signal-to-noise-and-distortion ratio
signal-to-noise ratio

system-on-chip

sidelink primary synchronization signal
scheduling request

signaling radio bearer

SRS resource indicator

set of radio interface technologies
sounding reference signal
synchronization signal
synchronization signal block
secondary synchronization signal
search-space-set group

sidelink secondary synchronization signal
surface-mount assembly

sidelink traffic channel
supplementary uplink

single-user MIMO

transceiver-array boundary

total access communication system
transport block over multiple slots
transmission configuration indication
transmission control protocol
temporary C-RNTI

time-division duplex

time-division multiplexing/time-domain multiplexing

xXiii



XXiv Abbreviations and acronyms

TDMA
TD-SCDMA
TIA
TMGI
TR
TRP
TRS
TS
TSDSI
TSG
TSN
TTA
TTC
TTI
X
UAV
UCI
UDM
UE

UL
UMTS
UPF
URLLC
USS
UuTC
UTRA
V2X
A%PAY%
VCO
VR
WARC
WCDMA
WG
WiMAX
WHO
WP5D
WRC
XR

Xn

ZC
ZP-CSI-RS

time-division multiple access
time-division-synchronous code-division multiple access
Telecommunication Industry Association
temporary mobile group identity

technical report

total radiated power/transmission and reception point
tracking reference signal

technical specification

Telecommunications Standards Development Society, India
Technical Specification Group

time-sensitive networks

Telecommunications Technology Association
Telecommunications Technology Committee
transmission time interval

transmitter

unmanned aerial vehicle

uplink control information

unified data management

user equipment, the 3GPP name for the mobile terminal
uplink

Universal Mobile Telecommunications System
user plane function

ultra-reliable low-latency communication
user-specific search space

coordinated universal time

universal terrestrial radio access
vehicular-to-anything

vehicular-to-vehicular

voltage-controlled oscillator

virtual reality

World Administrative Radio Congress

wideband code-division multiple access

working group

Worldwide Interoperability for Microwave Access
World Health Organization

Working Party 5D

World Radiocommunication Conference

refers to all of AR, VR, and MR

the interface between gNBs

Zadoft-Chu

zero-power CSI-RS
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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).

5G/5G-Advanced Copyright © 2024 Elsevier Ltd.
https://doi.org/10.1016/B978-0-443-13173-8.00008-6 All rights reserved.
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Fig. 1.1 Generations of mobile communication.

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
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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 on WCDMA. 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 ¢dma2000) 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.
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Fig. 1.2 High-level 5G use-case classification.

* 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
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applications. Thus, LTE-derived technologies for massive MTC will 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 NR was held in the fall 0f2015 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 5SGCN. 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.

5G/5G-Advanced Copyright © 2024 Elsevier Ltd.
https://doi.org/10.1016/B978-0-443-13173-8.00011-6 All rights reserved.
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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 the Radio 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 Infernational
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 are Next Generation Mobile
Networks (NGMN) Alliance which is an open forum founded by leading operators defin-
ing requirements on the evolution of mobile systems, and 5G Americas which 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 deploy mobile 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 show more indirect involvement through for exam-
ple liaison statements and white papers.
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Fig. 2.1 Simplified view of relation between Regulatory bodies, standards developing organizations,
industry forums and the mobile industry.

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
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some of that spectrum is particularly identified for so-called International Mobile Tele-
communications (IMT) systems. Within ITU-R, itis Working 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-R Recommendation M.1457 [47] containing six different RIT's
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 included WCDMA
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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Fig. 2.2 lllustration of capabilities of IMT-2000 and IMT-Advanced, based on the framework described
in ITU-R Recommendation M.1645 [39].

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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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 and machine-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-R WP5D 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 6 GHz, 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 6 GHz [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 86 GHz. At WR C-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 I[TU-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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Fig. 2.3 Work plan for IMT-2020 in ITU-R WP5D [38].

* 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-R WP5D 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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Fig. 2.4 Work plan for IMT-2030 in ITU-R WP5D [124].

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 WR C-23, leading to submission
and evaluation of technology proposals to be completed after WR C-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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The candidate technologies submitted to ITU-R were 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 IMT Vision recommendation [45]. Inputs from
the mobile industry and different regional and operator organizations were taken into the
IMT-2020 process in ITU-R WP5D, 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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Enhanced mobile broadband

Gigabytes in a second _I_-
3D video, UHD screens
E Work and play in the cloud

Augmented reality

Smart home/building

Industry automation

Mission critical application

Smart city Self driving car
Massive machine type Ultra-reliable and low latency
communications communications

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.

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.
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Fig. 2.6 Key capabilities of IMT-2020. 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. 2.7 Relation between key capabilities and the three usage scenarios of ITU-R. 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 1s 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 = System bandwidth X Peak spectral efficiency

Since large bandwidths are really not available in any of the existing IMT bands below
6 GHz, 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 = 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 eneigy 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
reduced with 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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o Spectrum and bandwidth flexibility:
Spectrum and bandwidth flexibility refers to the flexibility of the system design to han-
dle difterent 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 1s 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 report M.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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Table 2.1 Overview of minimum technical performance requirements for IMT-2020.

Parameter

Minimum technical performance requirement

Peak data rate

Peak spectral efficiency

User experienced data rate

5th percentile user
spectral efficiency

Average spectral efficiency

Area traffic capacity

User plane latency

Control plane latency

Connection density
Energy efficiency

R eliability

Mobility

Mobility interruption time
Bandwidth

Downlink: 20 Gbit/s
Uplink: 10 Gbit/s
Downlink: 30bit/s/Hz

Uplink: 10bit/s/Hz
Downlink: 100 Mbit/s
Uplink: 50 Mbit/s

3x IMT-Advanced

3x IMT-Advanced
10 Mbit/s/m> (Indoor hotspot for eMBB)
4ms for eMBB
1ms for URLLC
20ms
1000000 devices per km?
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.

1-10" success probability of transmitting a layer 2 PDU
(Protocol Data Unit) of 32 bytes within 1ms, at coverage edge
in Urban Macro for URLLC

Normalized traffic channel data rates defined for 10, 30 and
120km/h at ~1.5x IMT-Advanced numbers.

Requirement for High speed vehicular defined for 500 km/h
(compared to 350km/h for IMT-Advanced).

Oms

At least 100 MHz and up to 1 GHz in higher frequency bands.
Scalable bandwidth shall be supported.

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.

* Dense Urban-eMBB: An urban environment with high user density and traffic loads
focusing on pedestrian and vehicular users.

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

supporting pedestrian, vehicular and high speed vehicular users.
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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. R equirements 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 2July 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 some merging of proposals, the following
RIT/SRIT were included in the detailed specification ITU-R recommendation M.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 RIT was submitted consisting of the Enhanced Ultra 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 festing 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 ’»‘ Detalled ’»‘ Testlng and

specifications 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.
RAN WG3, 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.
RAN WG4, dealing with the radio frequency (RF) and radio resource management (RR M)

performance requirements.

PCG
(Project coordination
group)
| |
TSG RAN TSQ SA TSG CT
(Radio Access Network) S RBEER
System Aspects) Terminals)
\ | |
\_NG1 WG1 WG1
Radio Layer 1 servi UE to CN
enzces protocols
\ [ |
WG2 WG2 WG3
Radio Layer 2 & System architecture Interworking with
Layer 3 Resource Control & Services External Networks
l l |
UTRAN/E ‘L,J\'II'SIS‘IING RAN WG3 WG4
Architecture & Interfaces Security & Privacy CN protocols
\ | |
WG4 WG4 WG6
Radio Performance Multimedia Codecs, Smart Card
& Protocol Aspects Systems & Services Application Aspects
| l
WG5 WG5S
Mobile Terminal Management,
Conformance Testing Orchestration & Charging
I I
Application enablement &
ITU-R Ad Hoc Critical communications

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 GER AN) and HSPA (UTR AN). 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 developed with global roaming and circulation of devices in mind. This implies
that many regional requirements in essence will be global requirements for all devices, since
a roaming device has to meet the strictest of all regional requirements. R egional 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 TSG meetings, 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 in Work Items agreed and undertaken by the TSGs. LTE is defined from Release
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”.
From Release 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, Release 16 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 R AN is docu-
mented in 3GPP TR 37.910 [93].

During 2020, further inputs were made by 3GPP to ITU-R WP5D 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 800-900 MHz, but also in a few lower and higher bands. When 3G
(IMT-2000) was rolled out, focus was on the 2 GHz 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 450 MHz to around 6 GHz. 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 24 GHz are specified as a complement to the frequency bands
below 6 GHz. 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 60 GHz, 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.

5G/5G-Advanced Copyright © 2024 Elsevier Ltd.
https://doi.org/10.1016/B978-0-443-13173-8.00021-9 All rights reserved.
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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 I'TU Radio Regulations [46] do not directly list a band for
IMT, but rather allocate a band for the mobile service with 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.
This means that all existing IMT bands 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 18852025
and 2110—2200MHz as intended for implementation of IMT-2000. Out of these
230MHz of 3G spectrum, 2 X 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 Conference® WR C-2000, where it was considered that an additional
need for 160 MHz of spectrum for IMT-2000 was forecasted by the ITU-R. The iden-
tification includes the bands used for 2G mobile systems at 806960 and 1710—
1885 MHz, and “new” 3G spectrum in the bands at 2500-2690 MHz. 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 3400-3600 MHz, but the applicability of the bands varied
on a regional and national basis. At WR C-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

* 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—790 MHz 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:

o 470-694/698 MHz (600 MHz 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 (700 MHz band): This band was identified fully for Region 1 and is
thereby a global IMT band.

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

* 3300-3400 MHz: Global band identified in many countries, but not in Europe or
North America

* 3400-3600 MHz (C-band): A global band identified for all countries. The band was
already allocated in Europe.

* 3600-3700 MHz (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—4990 MHz: New band identified for a few countries in Asia-Pacific.

Especially the frequency range from 3300 to 4990 MHz 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 massive MIMO 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 24 GHz 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 13.5 GHz in the following band ranges, where mobile
services now have a primary allocation:

o 24.25-27.5GHz
* 37-43.5GHz

* 45.5-47GHz

o 47.2-48.2

* 66-71GHz
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New bands identified for IMT
A

1 1 1 1 1 P
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).

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 23.6-24.0 GHz and 36.0-37.0 GHz were defined. The new bands are
illustrated in Fig. 3.1.

Agenda items were also created for the coming WR C-23 to consider further bands for
IMT identification. The first two have identification for IMT in some countries and regions
as mentioned above, but further consideration will now be made for those in other regions:

* 3300-3400 MHz
* 3600-3800 MHz,
* 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
and WRC-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 2 GHz, which are
suitable as a coverage layer, providing wide and deep coverage, including indoor. The
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bands with highest interest here are the 600 and 700 MHz 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 20 MHz channel bandwidth
is defined in the low frequency bands.

For early deployment, the 600 MHz band is considered for NR in the US, while
the 700 MHz 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 2 GHz 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 2-6 GHz 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 33004200 MHz, where 3GPP has desig-
nated NR bands n77 and n78. Due to the wider bands, channel bandwidths up to
100 MHz are possible. Up to 200 MHz 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—4200 MHz is of global interest, with some variations seen regionally;
and 3400-3800 MHz is a pioneer band in Europe, while China and India are planning for
3300-3600 MHz and in Japan 3600—4200 MHz is considered. Similar frequency ranges are
considered in North America (3550—-3700 MHz and initial discussions about 3700—
4200MHz), Latin America, the Middle East, Africa, India, Australia, etc. A total of
45 countries signed up to the IMT identification of the 3300-3400 MHz band at
WRC-15. There is also a large amount of interest for a higher band in China (primarily
4800-5000 MHz) and Japan (4400—4900 MHz). In addition, there are a number of poten-
tial LTE refarming bands in the 2—6 GHz range that have been identified as NR bands.

In the range 5125-5925 MHz and 5925-7125 MHz, bands are defined for unlicensed
operation with NR-U, see also Chapter 20.

High frequency bands are in the mm-wave range above 24 GHz. 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 24.25-29.5 GHz, with 3GPP NR bands n257
and n258 assigned. Channel bandwidths up to 400 MHz 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 27.5-28.35 GHz was identified at an early stage in the US, while 24.25-27.5 GHz,
also called the “26 GHz band”, is a pioneer band for Europe. Difterent 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 26.5-29.5 GHz in Korea. Overall, this band
can be seen as global with regional variations. The range 37-40 GHz is also defined in
the US and similar ranges around 40 GHz 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 24 GHz. There is however now an agenda item for WRC-23 to consider the band
10-10.5 GHz 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 how NR.
can be implemented for operation in the bands 7-24 GHz.

For the frequency range 57—71 GHz 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 24 GHz, 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 24.25-71 GHz and is divided
into two subranges, FR2-1 (24.25-52.6 GHz) and FR2-2 (52.6-71 GHz).
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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 difterent way. 4G LTE bands are written with Arabic numerals (1, 2, 3, etc.),
while 3G UTR A 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 nl 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
maximum possible. Any new LTE-only bands can also be assigned unused numbers below
65. In release 17, the operating bands in frequency range 1 are in the range nl 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 Uplink range Downlink range Duplex

band (MHz) (MHz) mode Main region(s)
nl 1920-1980 2110-2170 FDD Europe, Asia
n2 1850-1910 1930-1990 FDD Americas (Asia)
n3 1710-1785 1805—1880 FDD Europe, Asia (Americas)
nb5 824-849 869—894 FDD Americas, Asia
n7 2500-2570 2620-2690 FDD Europe, Asia
n8 880-915 925-960 FDD Europe, Asia
nl2 699-716 729-746 FDD US

nl3 777787 746—756 FDD UsS

nl4 788-798 758-768 FDD UsS

nl8 815-830 860—-875 FDD Japan

n20 832862 791-821 FDD Europe

n24 1626.5-1660.5 1525-1559 FDD UsS

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 UsS

n50 1432-1517 1432-1517 TDD Europe

n51 14271432 14271432 TDD Europe

n53 2483.5-2495 2483.5-2495 TDD

n54 1670-1675 1670-1675 TDD

n65 1920-2010 2110-2200 FDD Europe

n6b6 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 Uplink range Downlink range Duplex

band (MHz) (MHz) 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 uUS

n91 832-862 1427-1432 FDD

n92 832-862 1432-1517 FDD

n93 880-915 1427-1432 FDD

n9%4 880-915 1432-1517 FDD

n95 2010-2025 N/A SUL

n96 59257125 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 64257125 64257125 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
n258
n259
n260
n261
n262
n263

26,500-29,500
24,250-27,500
39,500-43,500
37,000-40,000
27,500-28,350
47,200-48,200
57,000-71,000

TDD
TDD
TDD
TDD
TDD
TDD
TDD

Asia, Americas, (global)
Europe, Asia, (global)
Global

Americas, (global)
Americas

(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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Fig. 3.3 Operating bands specified in 3GPP Release 17 for NR between 1 GHz and 3 GHz (in FR1), shown with the corresponding ITU-R allocation.
Not fully drawn to scale.
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Fig. 3.4 Operating bands specified in 3GPP Release 17 for NR between 3 GHz and 7 GHz (in FR1), shown with the corresponding ITU-R allocation.
Not fully drawn to scale.
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Fig. 3.5 Operating bands specified in 3GPP Release 17 for NR above 24 GHz (in FR2), 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 1s 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 20 MHz is supported for carrier
frequencies from below 1 GHz up to around 3 GHz. 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.

5G/5G-Advanced Copyright © 2024 Elsevier Ltd.
https://doi.org/10.1016/B978-0-443-13173-8.00007-4 All rights reserved.
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Fig. 4.1 LTE and its evolution.

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 4.7 ps® was found to be a good choice.
In total 1200 subcarriers are used in a 20 MHz 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-
precoded OFDM 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 10 ms 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
afew. The reference signal density depends on the number of transmission layers set up in
a cell, but for the common case of 2 x 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 200 ps 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

* There is also a possibility for 16.7 ps 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 20 MHz. 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 N4 X Ny, where the number of layers Ny, also known as the
transmission rank, is less than or equal to the number of antennas N4. 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 N4 X 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 150 Mbit/s in the downlink using two-layer transmission in
20MHz and 75 Mbit/s in the uplink. Latency-wise LTE provides 8 ms 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 10 ms 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
tollowing 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 I'TU 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.

New scenarios
Device-to-Device Communication, V2V/V2X, sTTI, remote-
controlled drones, massive machine-type communication, ...

Densification

Local-area access, Heterogeneous deployments, ...

Multi-antenna techniques
MIMO, CoMP, ...

Spectrum Flexibility

Carrier Aggregation, New Frequency Bands, ...

Device Enhancements

Receiver improvements, ...

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 sTTT 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/TDD design. 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 1 MHz up to 20 MHz 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
100 MHz. 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 640 MHz. 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-view where 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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Fig. 4.3 Carrier aggregation.

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 difterent 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
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25 Gbit/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 5 GHz 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 Secondary Carrier
Licensed Spectrum 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 difterent 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 3 Gbit/s in 100 MHz
of spectrum in release 10, increased to 25 Gbit/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 1.5 Gbit/s in 100 MHz 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 MIMO where several spatially sep-
arated devices are simultaneously served using the same time-frequency resource. These
enhancements are sometimes termed full-dimension MIMO 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 name Coor-
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 CoMP work 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 new X2
messages between base stations for exchanging information about so-called CoMP
hypotheses, essentially a potential resource allocation, and the associated gain/cost.
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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
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Fig. 4.6 Example of relaying.
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Fig. 4.7 Example of heterogeneous deployment with low-power nodes inside macro cells.

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 1s 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
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Fig. 4.8 Example of dual connectivity.

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 example WLAN 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
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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 network may 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

LTE was 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 difterent 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 enhanced MTC (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, 250 kbit/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 1s 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 and NB-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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