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Preface to the First Edition

It is hard to overstate the impact that HSPA and LTE technology have had on our
global society. Mobile subscriptions for these technologies are now counted in the
billions, touching lives and changing business everywhere on the planet. How did
this come to pass? The dominance of these 3rd Generation Partnership (3GPP) tech-
nologies was not known a priori when their studies were first approved. There are
many factors to explain the success, but surely these factors include the quality of
the standards and technology as well as economies of scale from global deploy-
ment. For 5G, the fifth generation of telecommunication systems, the situation is
different in that it is expected, even before the first equipment delivery, that 3GPP
technology will dominate future global deployments. The vision for 5G also goes
beyond traditional mobile broadband services. In 2015, ITU-R (International
Telecommunication Union-Radio communications sector) established the 5G
requirements for IMT-2020 (International Mobile Telecommunication system-
2020), targeting diverse requirements from three key usage scenarios: enhanced
mobile broadband (eMBB), massive machine-type communication (mMTC), and
ultrareliable and low-latency communication (URLLC).

Mobile broadband services like web browsing, social apps with text messaging,
file sharing, music downloading, and video streaming are already very popular and
supported by 4G communication systems. In the 5G era, these and other applica-
tions such as ultrahigh-definition (UHD) video, 3D video, and augmented reality
(AR) and virtual reality (VR) will be better served with data rates up to hundreds of
megabits per second or even gigabits per second. In addition, the demand of uplink
high data rate service is also emerging, for example with HD video sharing. These
service requirements, together with the anywhere anytime experience requirements
with high user density and user mobility, define new limits for the eMBB scenario.

In the future, any object that can benefit from being connected will be connected,
either partially or dominantly, through wireless technologies. This trend poses a
huge demand for connecting objects/machines/things in a wide range of applica-
tions. Driverless cars, enhanced mobile cloud services, real-time traffic control opti-
mization, emergency and disaster response, smart grid, e-health, and industrial
communications, to name just a few, are all expected to be enabled or improved by
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viii Preface to the First Edition

wireless connectivity. By a closer observation of these applications, there are two
major characteristics of these services: one is the number of desired connections;
the other is the requested reliability within a given latency budget. These two sig-
nificant characteristics drive the definitions of the mMTC and URLLC scenarios.

Accordingly, ITU-R defines the IMT-2020 requirements for all the above poten-
tial use cases, including eight key capabilities: 20 Gbps peak rate, 100 Mbps user
perceived data rate at cell edge, 3 times spectrum efficiency of IMT-Advanced,
mobility up to 500 km/h, low latency with less than 1 ms air interface round-trip
time (RTT), connectivity density of 10 M connections per square kilometer, 100
times energy efficiency of IMT-Advanced, and traffic density with 10 Mbps per
square meter. It is anticipated that the area traffic capacity is predicted to be increased
by at least 100 times in 5G, with available bandwidth increased by 10 times.
Altogether, the 5G system can provide a basic information infrastructure to be used
by both people and machines for all of these applications, similar to the transporta-
tion system and electric power system infrastructure that we use now.

Each region in the world is planning their 5G spectrum. In Europe, multiple
countries have allocated 5G spectrum mainly in C-band and released 5G operational
licenses among mobile network operators. The UK has already auctioned 190 MHz
sub-6 GHz spectrum for 5G deployment, with another 340 MHz low-frequency
spectrum auction ongoing. In Asia, China has newly allocated 390 MHz bandwidth
in 2.6 GHz, 3.5 GHz, and 4.9 GHz frequency bands among the three major opera-
tors for 5G deployment by 2020; Japan has allocated totally 2.2 GHz 5G spectrum
including 600 MHz in C-band and 1.6 GHz in 28 GHz mm-wave spectrum among
four mobile carriers, with 5G investment around JPY 1.6 trillion ($14.4 billion) over
the next 5 years; South Korea has auctioned 280 MHz bandwidth in 3.5 GHz and
2.4 GHz bandwidth in 28 GHz spectrum for 5G network among the three telco car-
riers, with SKT having already released the first 5G commercial services since April
3rd, 2019. In the USA, 5G licenses are permitted in the existing 600 MHz, 2.6 GHz,
and mm-wave frequency bands of 28 GHz and 38 GHz, with additional 3 millimeter-
wave spectrum auctions in 2019 on 28 GHz, 24 GHz, as well as higher mm-wave
spectrum at 37 GHz, 39 GHz, and 47 GHz. Europe, Asia, and North America have
all announced early 5G network deployment by 2020.

This treatise elaborates on the 5G specifications of both the 5G new radio (5G-
NR) and 5G new core (5G-NC) and provides a whole picture on 5G end-to-end
system and key features. Additionally, this book provides the side-by-side compari-
son between 5G-NR and long-term evolution (LTE, also called as 4G) to address the
similarities and the differences, which benefits those readers who are familiar with
LTE system. 3GPP Release-15, i.e., the first release of 5G standard, has completed
the standardization of both 5G non-stand-alone (NSA) and stand-alone (SA) archi-
tecture. 5G deployment will eventually go to SA deployment based on 5G new car-
rier (NC) with advanced core network features as slicing, MEC, and so on. Some
operators, however, due to their business case balance between the significant
investments and quick deployment, may consider NSA deployment from the begin-
ning, i.e., with a primary connection to LTE and a secondary connection to NR. In
addition to the network architecture, NR has built-in provisions in configuration and
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operation for coexistence with LTE. These include same-band (and even same chan-
nel) deployment of NR and LTE in low-band spectrum. An especially important use
case is a higher frequency NR TDD deployment that, for coverage reasons, includes
a supplemental uplink (SUL) carrier placed in an existing LTE band.

The book is structured into six main chapters. The first chapter looks at the use
cases, requirements, and standardization organization and activities for 5G. These
are 5G requirements and not NR requirements, as any technology that meets the
requirements may be submitted to the ITU as 5G technology including a set of radio
access technologies (RATSs) consisting of NR and LTE, with each RAT meeting dif-
ferent aspects of the requirements. A second chapter describes, in detail, the air
interface of NR and LTE side by side. The basic aspects of LTE that NR builds upon
are first described, followed by sections on the NR-specific technologies such as
carrier/channel, spectrum/duplexing (including SUL), LTE/NR coexistence, and
new physical layer technologies (including waveform, polar/LDPC channel coding,
MIMO, and URLLC/mMTC). In all cases, the enhancements made relative to LTE
are made apparent. The third chapter contains description of NR procedures (IAM/
beam management/power control/HARQ), protocols (CP/UP/mobility, including
grant-free), and RAN architecture. The fourth chapter has a detailed discussion
related to end-to-end system architecture, and the 5G Core (5GC), network slicing,
service continuity, relation to EPC, network virtualization, and edge computing.
The fifth chapter describes the ITU submission and how NR and LTE meet the 5G
requirements in significant detail, from the rapporteur responsible for leading the
preparation and evaluation. Finally, the book concludes with a look at the 5G market
and the future.

Beijing, China Wan Lei
Plano, TX, USA Anthony C. K. Soong
Beijing, China Liu Jianghua
Beijing, China Wu Yong
Rolling Meadows, IL, USA Brian Classon
Rolling Meadows, IL, USA Weimin Xiao
Beijing, China David Mazzarese
Shanghai, China Zhao Yang

Plano, TX, USA Tony Saboorian



Preface to the Second Edition

In the 15 months since the publication of the first edition and the writing of this
treatise, 3GPP has completed Release-16 of 5G. It has enhanced 5G with many
features that were requested by the vertical industries. Loosely speaking, 5G
Release-15 can be characterized as being optimized for the cellular eMBB service
while 5G Release-16 is the beginning of the optimization of 5G for the vertical
industries. It mainly focused on the support of the vehicular vertical and industrial
Internet of Things. As such, we have significantly altered the first edition to cover
the key features standardized in Release-16.

In particular, since the key focus of 5G Release-15 was on eMBB, it made sense
to describe the key physical layer of NR in one chapter. That now no longer makes
sense, and we have broken the chapter up into five chapters. The first two, Chaps. 2
and 3, describe the fundamental aspects of the LTE and NR air interface, respec-
tively. By fundamental, we mainly mean the features that were needed to support
eMBB services. The NR discussion in Chap. 3 has been enhanced with new discus-
sions on MIMO enhancements, unlicensed access, positioning, and power savings.
The other three chapters are new to the 2nd edition; Chaps. 7, 8, and 9 discuss the
beginning of our journey on 5G support for the verticals (URLLC, V2X, industrial/
manufacturing) after a complete end-to-end discussion of the fundamental aspects
of 5G. The chapters are organized by verticals with descriptions of both Release-15
and -16 features that were developed in 3GPP mainly for that vertical contained in
one place.

Chapter 4 contains the 5G RAN procedures, protocols, and architecture. It has
been updated with the newly standardized beam management techniques and the
IAB features. Other aspects standardized in Release-15 and -16 for the vertical
industry have now been moved to their respective vertical chapters.

The end-to-end architecture is described in Chap. 5. This chapter has been
enhanced with the newly standardized feature that accounts for the fact that there
will exist a number of wireless technologies, some non-3GPP, for the user to access
the Internet. As such, access traffic steering, switching, and splitting features were
standardized in Release-16. These features enable a multi-access PDU connectivity
service that allows one PDU session to be established with two simultaneous access
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connections, where one uses 3GPP access network and the other uses non-3GPP
access network. The mechanisms for supporting non-3GPP access technology in 5G
via untrusted non-3GPP access networks, trusted non-3GPP access networks, and
wireline access networks are given. The chapter also discusses SGC support for data
analytics, cellular IoT, location services, and IMS.

Chapter 6 is a totally new chapter on 5G security. To ensure the entirety of 5G is
secure, each architectural deployment model sports its own security architecture,
features, and capabilities. The 5G security features, considerations, services, and
capabilities are first described. Security enhancements that mainly targeted at the
support of URLLC, CloT, service-base architecture, network slicing, SWWC, radio
voice call continuity, vertical industries, and IAB are then each described. Not only
does 5G need to be secure, but it has to also give assurance to other entity of its
security in order to function as the wireless access part of a larger global network.
Consequently, the last part of the chapter investigates 5G security assurance.

The 5G features that support URLLC are elucidated in Chap. 7. Physical layer
changes to the PDCCH, UCI, and PUSCH that allow for transmissions with short
latency and enhance reliability are introduced. Since URLLC services are likely to
coexist with other services, mechanisms exist in the standards to allow for an effi-
cient support of services with different requirements in the same band. DL preemp-
tion indication and CBG-based retransmissions to facilitate DL inter-UE
multiplexing of UEs with different services have been specified in Release-15 while
UL intra-UE prioritization and inter-UE multiplexing were specified in Release-16.
From an end-to-end system perspective, Release-16 added redundant transmission
and QoS monitoring for the URLLC service.

Chapter 8 focuses on the features for V2X service. It first gives a detailed descrip-
tion of the LTE V2X feature and then introduces the NR V2X sidelink feature by
comparing and contrasting it to the V2X feature in LTE. The discussion will give an
in-depth understanding of the physical structure, synchronization, physical layer
and power control procedures, resource allocation and QoS and congestion control
mechanism, layer 2/3 enhancements, as well as the architecture of the V2X feature.
The operation was designed to work in both FR1 and FR2, but no effort was spent
in Release-16 to optimize the FR2 operation. This optimization is widely expected
to be the topic of future Releases of 5G.

Chapter 9 focuses on the features for the support of the OT (operational technol-
ogy) industry. It starts with a discussion on how 5G enables the promise of Industrie
4.0 and the ecosystem that is forming to facilitate 3GPP to support the OT industry.
As countries recognize the importance of OT for their economy, spectrum bands are
being allocated by the respective regulatory bodies for nonpublic networks to sup-
port the smart factories of the future. The bulk of the chapter will detail the enhance-
ment in Release-16 for IIoT including the support of TSN by the SGC.

Chapter 10 is now the chapter that describes the ITU submission and how NR
and LTE meet the 5G requirements in significant detail, from the rapporteur respon-
sible for leading the preparation and evaluation. A new section has been added to the
chapter on the ITU evaluations since the last edition.
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The last chapter was highly reworked. It starts, as in the last edition, with a dis-
cussion on the 5G market and argues that vertical industries are critical to the robust
growth of the wireless industry. Instead of detailing the 5G trials next, it now con-
tains a detailed discussion on global 5G deployments. It next discusses the trials for
different verticals that are ongoing at different parts of the world. The chapter then
ends with a look into the future and gives a description of what is anticipated to be
in 5G Release-17 that is expected to be finalized in June of 2022.

Beijing, China Wan Lei
Plano, TX, USA Anthony C. K. Soong
Beijing, China Liu Jianghua
Beijing, China Wu Yong
Rolling Meadows, IL, USA Brian Classon
Rolling Meadows, IL, USA Weimin Xiao
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Chapter 1
From 4G to 5G: Use Cases
and Requirements

This chapter investigates the motivations and driving forces of 5G development as
well as introduces the 5G use cases and technical requirements. 5G is the first gen-
eration that devotes itself to connecting both humans and machines. Accordingly,
the service requirements and the technical performance requirements are extended
from mobile broadband (MBB) to the new use cases. The diverse requirements pose
significant challenges to system design.

This chapter also presents how 5G development is made based on industry col-
laboration, where ITU-R and 3GPP play the central role in this process. It intro-
duces and reviews the ITU-R procedure on IMT-2020 development and 3GPP 5G
standardization process. With the guidance of ITU-R and the well-harmonized tech-
nical development in 3GPP, 5G technology is well developed; which is one of the
major keys for 5G success.

1.1 Introduction

Mobile cellular network has been developing since the 1970s.! The first-generation
(1G) mobile network was based on frequency division multiple access (FDMA)
(Fig. 1.1). It provided analog voice service to mobile users. After approximately
10 years, time division multiple access (TDMA) was developed in the second-gen-
eration (2G) network which enabled the digital voice service and low data rate ser-
vice. In mid-1990 to 2000s, coding division multiple access (CDMA) was employed
to develop the third-generation (3G) mobile network. The CDMA access enabled
more efficient multiple user access through the specified bandwidth. By this means,

Mllinois Bell Telephone Co. conducted a trial development cellular system in the Chicago area in
1979. Full commercial service began in Chicago in October of 1983.
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