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Introduction

This book is about fifth-generation (5G) mobile telecommunications. Our first chapter puts 5G
into its historical context, and lays out its requirements and its most important technical
features. We begin by setting out the architecture of a mobile telecommunication system and
by reviewing the history of mobile telecommunications. We then discuss the underlying tech-
nologies that 5G uses, review the standardization process, and introduce the capabilities and
architecture of the 5G system. The chapter closes with a survey of the use cases and applications
for 5G, and a review of the current state of the market.

1.1 Architecture of a Mobile Telecommunication System

1.1.1 High-level Architecture

A mobile telecommunication system is run by a network operator, such as Vodafone, AT&T or
China Mobile, and is officially known as a public land mobile network (PLMN). As shown in
Figure 1.1, it has four main components, namely the core network (CN), the radio access
network (RAN), the management system and the user’s device. The last of these is known
colloquially as the mobile, and more formally as the user equipment (UE).

The core network transports traffic between the mobile and one or more external networks,
such as the public switched telephone network (PSTN) or the internet. The core network also
controls the mobile’s communications with those external networks, and stores information
about the network operator’s subscribers.

The radio access network handles the network’s radio communications with the mobile. It
communicates with the core network over an interface known as the backhaul, and with the
mobile over the air interface, also known as the radio interface. On that interface, the direction
from network to mobile is known as the downlink (DL) or forward link, and the direction from
mobile to network is the uplink (UL) or reverse link.

The network is controlled by a separate management system. Its tasks include configuring the
various components of the core and radio access networks, monitoring their performance,
reporting any faults to the network operator and billing the user.

A mobile can communicate outside the coverage area of its network operator by using the
resources from two PLMNs, namely the visited network, where the mobile is located, and the
operator’s home network. That situation is known as roaming.
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Figure 1.1 Architecture of a mobile telecommunication system.

1.1.2 Internal Architecture of the Mobile

Internally, the mobile has two main components. The actual communication device is known as
the mobile equipment (ME). In the case of a voice mobile or a smartphone, that is just a single
device. However, the ME can itself have two parts, namely the mobile termination (MT), which
handles all the communication functions, and the terminal equipment (TE), which terminates
the data streams. The MT might be a plug-in 5G card for a laptop, for example, in which case the
TE would be the laptop itself.

The universal integrated circuit card (UICC) is a smart card, colloquially known as the SIM
card. It runs an application known as the universal subscriber identity module (USIM), which
stores user-specific data such as the home network identity and carries out security-related cal-
culations using secure keys that the smart card stores.

1.1.3 Architecture of the Radio Access Network

The most important component of the radio access network is the base station. In a medium-
sized country like the United Kingdom, a typical network might contain several thousand of
these. Figure 1.2 shows a group of nearby base stations, as viewed from above.

On the air interface, a base station transmits and receives using one or more radio frequencies,
each of which is known as a carrier frequency. Around each carrier, the radio signal occupies a
certain amount of radio spectrum, which is known as the bandwidth. For example, a 5G base
station might use a carrier frequency of 3500 MHz and a bandwidth of 40 MHz, so that its trans-
missions span the range from 3480 to 3520 MHz.

Usually, the base station operates in licensed spectrum, in which the network operator has pur-
chased an exclusive licence to carry out radio communications from the corresponding national
regulator. The alternative is unlicensed spectrum, in which there are no licences, but the trans-
mitters have to use a low power so that they do not cause undue interference to other receivers in
the same band.

The base station controls one or more cells, each of which is a radio transmission with a par-
ticular carrier frequency and bandwidth, which spans a particular coverage area. On any one
radio frequency, a base station can control multiple cells, known as sectors, by transmitting
in different directions. There are typically three sectors per base station, with each one spanning
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Figure 1.2 Example of base stations with two carrier frequencies and three sectors.

an arc of 120°. The base station can also control multiple cells in the same direction by using
different radio frequencies to ensure that the radio signals do not interfere.

1.1.4 Coverage and Capacity

There are two main limits on a cell’s performance. Firstly, each cell has a coverage limit, which is
the maximum distance at which the receiver can successfully hear the transmitter. A cell’s cov-
erage is greatest if the transmissions are at a high power and if the data rate is low because both
conditions imply that the energy per bit at the receiver is high. In a simple communication sys-
tem, in which the base station and mobile both have a single antenna, the cell’s coverage is also
greatest if the carrier frequency is low, for example 700 MHz rather than 3500 MHz.

Secondly, each cell has a capacity limit, which is the maximum combined data rate of all the
mobiles that are communicating through the cell. A cell’s capacity is greatest if the transmissions
occupy a wide bandwidth and are received with a high signal-to-interference plus noise ratio
(SINR), which is the power at the receiver from the desired signal divided by the power from
noise and interference. More precisely, a cell’s capacity is constrained by the Shannon limit
[1], which in a single-antenna communication system is as follows:

C = Blog,(1 + SINR) (1.1)

where B is the bandwidth in Hz and C is the cell’s capacity in bits s~*. Improvements in radio
communication technology allow the cell’s capacity to approach the Shannon limit, but not to
exceed it, while a more general version of the equation allows a higher capacity in a multiple-
antenna system [2].

Bearing those limits in mind, cells can be grouped into a number of different classes. Macro-
cells are a few kilometres across and provide wide-area coverage in rural areas and suburbs, with
the signals travelling over the building roofs. Microcells are a few hundred metres across and are
used in urban areas, with the signals confined to individual streets by the buildings that sur-
round them. Picocells are a few tens of metres across and are used for indoor communications
in shopping centres and offices. Femtocells are a few metres across and are installed by consu-
mers within the home. The same area can be spanned by one macrocell or by a large number of
smaller cells, so the collective capacity of those small cells can be very large.
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1.1.5 Architecture of the Core Network

In older systems, the core network contains two domains, which transport different types of traffic
using different networking techniques. The circuit-switched (CS) domain transports fixed-rate traf-
fic such as voice, so that the user can make phone calls with other devices that are in the public
switched telephone network or the circuit-switched domains of other network operators. It does
that using a technique known as circuit switching, which sets aside a dedicated two-way connec-
tion for each individual phone call. The CS domain transports voice traffic with a constant data
rate and minimal delay, but it is inappropriate for services in which the data rate can vary.

The packet-switched (PS) domain transports variable-rate data traffic, such as web pages and
emails, between the user and external data networks such as the internet. It does that using a
different technique, known as packet switching, in which a data stream is divided into packets,
each of which is labelled with the address of the required destination device. Within the net-
work, routers read the destination addresses of the incoming data packets and forward them
towards those destinations by following the instructions in internal routing tables. The network’s
resources are shared amongst all the users so the technique is more efficient than circuit switch-
ing. However, delays can result if too many devices try to transmit at the same time.

In recent years, the use of smartphones has led to a situation in which mobile network traffic is
dominated by data rather than voice. In response, designers have abandoned the use of circuit
switching and have introduced mobile communication systems that use packet switching alone.
That simplifies the design and allows the system to be optimized for the delivery of data traffic,
but it implies that voice calls have to be handled in other ways. We will discuss those in
Section 1.2.4.

1.1.6 Communication Protocols

In any communication network, information is transported using hardware and software func-
tions known as protocols. The best examples are the protocols used for packet-switched data
transport over the internet, because those protocols are also used by the core and radio access
networks of 5G. The internet’s protocols are designed by the Internet Engineering Task Force
(IETF) and are grouped into various numbered layers, each of which handles one aspect of
the transmission and reception process. The usual numbering follows a seven-layer model
known as the Open Systems Interconnection (OSI) model, with the top three OSI layers folded
together in the case of the internet.

As an example (Figure 1.3), let us suppose that a web server is sending information to a user’s
browser. In the first step, an application layer protocol - in this case, the Hypertext Transfer Pro-
tocol (HTTP) - receives information from the server’s application software and passes it to the
next layers down by representing it in a way that the user’s application layer will eventually be
able to understand.

The transport layer manages the end-to-end data transmission. There are two main alterna-
tives. The Transmission Control Protocol (TCP) re-transmits a packet from end to end if it does
not arrive correctly and is suitable for data such as web pages and emails that have to be received
reliably. The User Datagram Protocol (UDP) sends the packet without any re-transmission and is
suitable for information such as real-time voice or video for which timely arrival is more
important.

In the network layer, the Internet Protocol (IP) sends packets on the correct route from source to
destination, using the IP address of the destination device. The process is handled by the
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Figure 1.3 Examples of the communication protocols used by the internet.

intervening routers, which inspect the destination IP addresses by implementing just the lowest
three layers of the protocol stack. The data link layer manages the transmission of packets from
one device to the next, for example by re-transmitting a packet across a single interface if it does
not arrive correctly. Finally, the physical layer deals with the actual transmission details, for
example by setting the voltage of the transmitted signal. The internet can use any suitable pro-
tocols for the data link and physical layers, such as Ethernet.

At each level of the transmitter’s stack, a protocol receives a data packet from the protocol
above in the form of a service data unit (SDU). It processes the packet, adds a header to describe
the processing it has carried out and outputs the result as a protocol data unit (PDU). This imme-
diately becomes the incoming SDU of the next protocol down. The process continues until the
packet reaches the bottom of the protocol stack, at which point it is transmitted. The receiver
reverses the process, using the headers to help it undo the effect of the transmitter’s processing.

1.2 History of Mobile Telecommunications

1.2.1 Introduction

In the time since they were first introduced in the early 1980s, a new generation of mobile com-
munication systems has appeared every 10 years or so. The term generation emerges by industry
consensus: it does not have any formal definition, but it is typically associated with a new air
interface and with a new architecture for the network.

The first-generation (1G) systems used analogue communication techniques that were similar
to those in a traditional analogue radio. The individual cells were large and the systems did not
use the available radio spectrum efficiently, so their capacity was by today’s standards very
small. The mobile devices were large and expensive, and were marketed almost exclusively
to business users. Some popular systems included Nordic Mobile Telephone (NMT) in Scandina-
via, the Advanced Mobile Phone System (AMPS) in the USA and the Total Access Communication
System (TACS) in the UK.
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1.2.2 Global System for Mobile Communications (GSM)

Mobile telecommunications took off as a consumer product with the introduction of second-gen-
eration (2G) systems in the early 1990s. Those systems were the first to use digital technology,
which permitted a more efficient use of radio spectrum and the introduction of smaller, cheaper
devices. The most popular 2G system was the Global System for Mobile Communications (GSM),
which was originally specified by the European Telecommunications Standards Institute (ETSI).

GSM was originally designed just for voice, but was later enhanced to support instant messag-
ing by means of the Short Message Service (SMS), and the delivery of packet data to a mobile
device by means of the General Packet Radio Service (GPRS). Another enhancement was
Enhanced Data Rates for GSM Evolution (EDGE), which modified the air interface to increase
the available data rate.

In GSM, the core network has the traditional two domains: the circuit-switched domain han-
dles voice calls, while the packet-switched domain handles data. The RAN is known as the GSM
EDGE radio access network (GERAN), while the base station is known as the base transceiver
station (BTS). Figure 1.4 shows the high-level architecture of GSM and its descendants, and high-
lights the most important interfaces.

1.2.3 Universal Mobile Telecommunication System (UMTS)

Buoyed by the success of 2G, the International Telecommunication Union (ITU) published a set
of requirements in 1997 for a third-generation (3G) mobile communication system, under the
name International Mobile Telecommunications (IMT) 2000 (IMT-2000) [3]. A number of stan-
dards bodies responded by submitting specifications, which the ITU eventually accepted as
meeting the requirements of IMT-2000. The most popular was the Universal Mobile Telecommu-
nication System (UMTS), which was designed by the Third Generation Partnership Project
(3GPP) [4], a specially formed collaboration that later took responsibility for the specifications
for GSM.
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Figure 1.4 High-level architectures of GSM, UMTS and LTE.
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UMTS uses the same core network as GSM, but has a new RAN known as the UMTS terrestrial
radio access network (UTRAN) and a new base station known as the Node B. The UMTS air inter-
face is more efficient than GSM’s, and has two implementations: wideband code division multiple
access (WCDMA) is used throughout most of the world, while time division synchronous code
division multiple access (TD-SCDMA) is derived from WCDMA and is mainly used in China.
The most important later enhancement is known as high-speed packet access (HSPA), which
improves the performance of data applications by increasing the air interface’s average data rate,
at the expense of short-term variations in the data rate for an individual user.

1.2.4 Long-term Evolution (LTE)

The introduction of HSPA coincided with the introduction of smartphones, notably the Apple
iPhone in 2007, followed by devices based on Google’s Android operating system from 2008.
Together, those factors led to an explosion in the use of mobile data applications and in the
amount of mobile data traffic.

In response, fourth-generation (4G) systems are optimized for the delivery of data in the form
of mobile broadband. By far the most popular is the 3GPP system known as Long-term Evolution
(LTE). In LTE, the base station is known as an evolved Node B (eNB), the RAN is the evolved
UMTS terrestrial radio access network (E-UTRAN) and the evolved packet core (EPC) replaces
the packet-switched domain of UMTS and GSM. Officially, the whole system is known as the
evolved packet system (EPS), although in practice that term is used only occasionally.

LTE does not have a circuit-switched domain of its own, but there are still various ways for an
LTE user to make a voice call. The first one specified was circuit-switched fallback (CSFB), in
which the network transfers the mobile to a legacy 2G or 3G cell, through which the mobile
contacts the CS domain of the 2G or 3G core. Alternatively, the mobile can make a voice over
IP (VoIP) call by means of the EPC, using a third-party application such as Skype or WhatsApp.
Finally, network operators can provide their own IP voice services by means of an external 3GPP
network known as the IP multimedia subsystem (IMS), in a technology known as voice over LTE
(VOLTE). Although rather complex, the IMS brings several advantages, for example it can han-
dle services such as emergency calls that are not supported by third-party applications, it main-
tains the operators’ voice revenue and it frees network operators from reliance on nearby 2G or
3G cells. It also supports a technique known as single radio voice call continuity (SRVCC), in
which the network can hand a mobile over to a 2G or 3G cell if its leaves the coverage area
of LTE, and can convert an ongoing VoIP call to a circuit-switched call that is handled by
the 2G or 3G core.

1.2.5 LTE-Advanced

In 2008, the ITU published requirements for a successor to IMT-2000, which is known as IMT-
Advanced [5]. The requirements called for peak downlink and uplink data rates of 1000 and 500
Mbps, respectively, which were beyond the original capabilities of LTE. 3GPP therefore
responded by writing specifications for an enhanced version of LTE, known as LTE-Advanced.

The most important enhancement in LTE-Advanced is known as carrier aggregation (CA).
This technique increases a mobile’s data rate by allowing it to communicate through multiple
cells, which are transmitted and received on different radio frequencies, but are still controlled
by a single eNB.

A later enhancement, known as dual connectivity (DC), allows those cells to be controlled by
two separate base stations rather than by one. The original base station carries traffic for the user
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and signalling messages that control the mobile, and is known as the master eNB (MeNB). Typ-
ically, the MeNB controls one or more macrocells, which provide the mobile with wide-area cov-
erage and reliable communications. The additional base station mainly carries traffic and is
known as the secondary eNB (SeNB). Typically, the SeNB controls one or more microcells, which
provide mobiles that can receive them with a much higher data rate. Dual connectivity was not
widely implemented at first, but it was an important step towards the introduction of 5G.

1.2.6 LTE-Advanced Pro

Later enhancements to LTE are known by the name LTE-Advanced Pro. The enhancements
broaden the capabilities that LTE offers and the services that it supports, and act as a precursor
to 5G.

LTE was originally designed for use by people, but there is also a need for wide-area machine-
type communications (MTC) for devices such as vehicle trackers and smart utility meters. LTE
supports those devices using two enhancements. Enhanced machine-type communications
(eMTC), also known as LTE machine type communication (LTE-M), is backwards compatible
with LTE, in the sense that an eMTC base station can communicate with both legacy mobiles
and machine-type devices at the same time. (On the other hand, a legacy base station cannot
communicate with a machine-type device that only supports eMTC.) The narrowband internet
of things (NB-I0T) has better performance characteristics, but is defined as a separate air inter-
face technology that is not backwards compatible with LTE: an NB-IoT base station cannot com-
municate with legacy mobiles, and vice versa.

The LTE specifications have always allowed a mobile to access the evolved packet core by
means of a non-3GPP access network. The most common choice is a wireless local area network
(WLAN), also known as WiFi, which is specified by the Institute of Electrical and Electronics
Engineers (IEEE) in a set of standards denoted IEEE 802.11. Later enhancements build on that
capability in various ways. Licence-assisted access (LAA) is based on carrier aggregation, but it
introduces additional LTE cells into the unlicensed spectrum that WiFi would normally use.
LTE WLAN aggregation (LWA) is based on dual connectivity, except that the mobile commu-
nicates with a master eNB and a WiFi access point, rather than a master and secondary eNB.

Device-to-device (D2D) communications allow two mobiles to communicate directly with one
another over a new air interface that is known as the sidelink (SL). The initial application is in
public safety networks such as those used by the police and other emergency services, in which
such communication is important if the base station has been taken down by an emergency sit-
uation or is otherwise out of range. D2D communication is also a useful way to offload traffic
from the base station, for applications such as file exchange between nearby devices.

The sidelink is also a valuable part of vehicle-related communications, in other words the
exchange of information to and from a road vehicle. Although full support for vehicle commu-
nications requires 5G, LTE can address some of the less stringent, non-safety-critical aspects.
Enhancements include support for ETSI’s architecture for an intelligent transport system
(ITS), and improvements to the sidelink so that vehicles can communicate even if their relative
speed is high.

1.2.7 Other Mobile Communication Systems

Although 3GPP systems have come to dominate the mobile communication market, two other
technology families have been important. IS-95 was a technology designed by Qualcomm, which
became the dominant 2G system in the United States. It was succeeded by a 3G system known as
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cdma2000, which was specified by a similar collaboration to 3GPP known as the Third Gener-
ation Partnership Project 2 (3GPP2), and which met the requirements for IMT-2000. Qualcomm
intended to develop a 4G successor to cdma2000 under the name Ultra Mobile Broadband
(UMB), but no network operator announced plans to adopt the technology and the project
was dropped in 2008.

Worldwide Interoperability for Microwave Access (WiMAX) is specified in the IEEE 802.16 stan-
dards. The original specification was for a point-to-point microwave system, but that gradually
evolved into Mobile WiMAX 1.0 (IEEE 802.16e), which had all the characteristics of a mobile
cellular network and met the requirements for IMT-2000. The IEEE later specified an enhance-
ment known as Mobile WiMAX 2.0 (IEEE 802.16m), which met the requirements of IMT-
Advanced. However, LTE had far more support amongst network operators and equipment
manufacturers, and WiMAX no longer has a significant market share.

1.2.8 Early Research into 5G

In 2012, the ITU started a programme of work to define a successor to IMT-Advanced, which it
denoted IMT-2020 [6-10]. That triggered a surge of national and industrial research projects into
5G, which are summarized in Reference [11]. It also triggered a 3GPP study item that began in
2015 [12].

These research projects identified several potential markets and a large number of individual
use cases for 5G, and grouped those use cases into three families that share common require-
ments and characteristics. Two of them build on the capabilities of LTE: enhanced mobile broad-
band (eMBB) addresses the delivery of mobile data to individual consumers [13], while massive
machine-type communications (mMTC) refers to communications with large numbers of auton-
omous machine-type devices [14]. Ultra-reliable low-latency communication (URLLC) is new to
5G and addresses applications that require very reliable communications in conjunction with a
very low delay [15]. We will discuss these use case families in Sections 1.5 to 1.7, along with some
more specialized applications that have been addressed as 5G has evolved.

The diverse nature of these use cases implies that 5G has to support a broader set of require-
ments than previous systems have done. To help it do so, 3GPP defined a further set of internal
requirements for network operation (NEO) [16]. These include, as examples, requirements to
optimize and re-route the traffic path in the case of low-latency applications, to interact with
aclient’s application servers and to reconfigure a network to support new use cases as they arise.
Those requirements are addressed by a number of enabling technologies for the 5G system,
which we will now introduce.

1.3 Technologies for 5G

1.3.1 Network Function Virtualization

The core network of a mobile telecommunication system contains a large number of network
elements, for example routers, signalling functions and databases. Traditionally, these have been
implemented using special-purpose hardware, which is procured from an equipment vendor
such as Ericsson, Nokia or Huawei. That approach is perfectly satisfactory, but has several lim-
itations: the hardware is manufactured in low volumes, so it is expensive; the hardware and soft-
ware are coupled together, with the operator locked to a single vendor for both; and it is difficult,
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slow and expensive to upgrade the hardware as new requirements arise, an issue that becomes
ever more problematic as development lifecycles shorten.

Network function virtualization (NFV) is a more recent approach in which the network ele-
ments are implemented using software in the form of virtualized network functions (VNFs)
[17-19]. Those functions then run on general-purpose, commercial off-the-shelf hardware. Net-
work operators were already adopting these techniques in their existing networks [20]. How-
ever, 5G has been designed with NFV in mind from the beginning, for example in the design
of a management system which can easily set up, modify and tear down the individual network
functions, and which can administer them independently of the underlying hardware [21].

The use of NFV brings several benefits, for example the hardware is generic and cheaper,
while the software is easier, faster and cheaper to write and upgrade. NFV also facilitates a con-
cept known as disaggregation, in which the software is broken down into small, clearly defined
components. Those components are separated from the hardware and from each other using
open interfaces, which are fully standardized in the interests of interoperability. In a disaggre-
gated network, the small component size makes it easier for new suppliers to enter the market.
In turn, the use of open interfaces allows operators to obtain their network functions from mul-
tiple suppliers, so that they are no longer locked to a single one.

1.3.2 Software-defined Networking

At the highest level, each element in a traditional communication network handles two main
tasks. Functions in the user plane (UP) forward traffic from one network element to another, for
example by the use of routing tables, while those in the control plane (CP) carry out higher-level
tasks such as configuring the routing tables and managing the network’s resources. Once again,
that approach is perfectly satisfactory, but has several limitations: the decision-making processes
are distributed over the entire network, which makes the control plane unnecessarily complex,
while those complexities limit how far the operator can distribute the functions in the user plane.

The central feature of software-defined networking (SDN) is a clear separation between the con-
trol and user planes [22]. In a software-defined network, the control plane functions can be cen-
tralized, which allows for simpler, more integrated control over the network. Once centralized,
those functions can easily communicate with authorized third-party application servers over a
so-called northbound application programming interface (API), through which those servers can
influence or control the network’s operation. The third-party servers do not know any details of
the network’s physical implementation, as those are confined to the southbound API, through
which the control plane functions configure the ones in the user plane. In turn, the user plane
functions can be distributed to whichever physical locations are desired, without the constraints
that the control plane previously imposed.

NFV and SDN are complementary technologies: the first separates the hardware and software
in a communication network, while the second separates its control and user planes. Once again,
5G has been designed with SDN in mind from the beginning.

1.3.3 Network Slicing

NFV and SDN provide a network operator with a flexible underlying resource, which is easily
reconfigured to handle changes in network traffic. Taking those concepts further, network slices
are virtual logical sub-networks which run on shared, underlying physical hardware, and which
are realized by means of NFV and SDN [23, 24]. A network operator can set up, reconfigure and
tear down individual slices as the need for them arises.
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Each network slice is optimized for the traffic that it carries. For example, a network operator
might use different slices for each of the main 5G use cases, with the eMBB, mMTC and URLLC
slices, respectively, optimized for a high data rate, a high connection density, and low latency
and high reliability. An operator might use different slices to subdivide those use cases, for exam-
ple the eMBB use case might be realized using different slices for internet traffic, IMS voice and
video, and public safety. Different slices might also be used for an operator’s individual custo-
mers, such as mobile virtual network operators (MVNOs) that do not own any infrastructure of
their own, or industrial clients.

An operator’s network slices are isolated from each other, most critically in respect of data
transport and security. If, for example, there is congestion in a slice that is handling internet
traffic, then there should be no additional delays in slices that are handling time-sensitive appli-
cations such as IMS voice, public safety or URLLC. Similarly, any intrusion into a slice that is
handling MTC should not increase the risk of security issues in any of the other network slices.

LTE networks already implement some of the ideas underlying network slicing, for example
LTE transport networks often isolate IMS voice from internet data to minimize congestion pro-
blems. However, network slicing can only be fully realized in a 5G network by means of NFV
and SDN.

1.3.4 Technologies for the Radio Access Network

The radio access network can also make use of these technologies, but the terminology can be
confusing. A traditional LTE network distributes all of the base stations’ components across the
local cell sites and is known as a distributed RAN (D-RAN). In contrast, a centralized RAN (C-
RAN) implements the higher-level functions of the base station at a more central hub, which can
be many kilometres from the cell site, but should still be close enough for low-latency commu-
nication. By itself, RAN centralization offers improved security and a smaller footprint at the cell
site, and allows the higher-level functions of nearby cells to communicate more efficiently.

Moving to network function virtualization, a virtualized RAN (V-RAN) implements most of the
base station in software on commercial off-the-shelf hardware, with hardware accelerators
reserved for only a few of the lowest-level functions. If the concepts of virtualization and central-
ization are used together then the result is a cloud RAN (also C-RAN), in which higher-level parts
of the base station are implemented in a pool of centralized, off-the-shelf servers. As well as bring-
ing the generic benefits of NFV, a cloud RAN allows for load balancing, in which heavily loaded
base stations can acquire more resources from the underlying hardware than their lightly loaded
neighbours.

An open RAN breaks down the base station into smaller software functions by means of dis-
aggregation and virtualization, and separates those functions by means of open, interoperable
interfaces. That eases the entry of new vendors into the market and allows an operator to mix
components that have been procured from different vendors. The name open RAN is sometimes
abbreviated as O-RAN, but that abbreviation is usually reserved for a specific set of specifications
that have been developed by an industry body known as the O-RAN Alliance [25]. We will dis-
cuss those specifications as part of Chapter 3.

Software defined networking can be applied to the radio access network as well. Multi-access
edge computing (MEC), also known as mobile edge computing, is a technology in which the user
plane connection to an external network is implemented close to the cell site, or even at the cell
site itself [26-29]. By shortening the communication path, the architecture provides the mobile



12| 1 Introduction

Third
party
Traffic server
-------- Signalling ==
E 1 Northbound AP
1
RAN site Control
function
[ I I RS [—
! ===z
1 1
—Z | i i
! 1 1
! 1 1

1 Southbound API

=2£ % External
Router @ Router network
UE —>

Mobile edge I

Core network site Normal

computing connectivity

External
network

Figure 1.5 Architecture of a telecommunication network using software-defined networking and mobile
edge computing.

with low-latency access to external servers to help support the most demanding forms of low-
latency application. Furthermore, if the user plane function is implemented in software by
means of NFV, then it can be relocated dynamically, for example if the mobile starts to use a
low-latency service or if it subsequently changes cell. Figure 1.5 is a high-level view of the result-
ing architecture for a mobile telecommunication network that is using the two technologies.

With the capabilities of NFV and SDN in place, a 5G network slice extends not only through
the core network, but also into the radio access network and the air interface itself. In that con-
text, the air interface can be understood as another resource that is easily shared amongst net-
work slices as the need arises.

1.3.5 Technologies for the Air Interface

The 5G air interface uses two important technologies that we will address in detail in later chap-
ters. Firstly, 5G can operate over a wider range of radio frequencies than previous systems have
done, up to a maximum of about 70 GHz. At the highest frequencies the radio waves have a
wavelength of a few millimetres, so they are often known as millimetre waves. When using milli-
metre waves, the 5G air interface can occupy a far wider bandwidth than it does at low radio
frequencies, so its capacity can be far greater. However, the use of millimetre waves also leads
to a number of coverage issues, which we will explore as part of Chapter 4.

Secondly, 5G makes greater use of multiple antennas than previous systems have done [30],
typically using just a few antennas at the mobile, but using tens or even a few hundred at the base
station. It applies them in two distinct ways: to improve the coverage of the air interface at high
radio frequencies by means of beamforming, and to improve its capacity at low radio frequencies
by means of multiple-input multiple-output (MIMO) antennas. We will examine both of these
techniques as part of Chapter 6.
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1.3.6 Artificial Intelligence and Machine Learning

Alongside these technologies, 5G has been making increased use of artificial intelligence and
machine learning (AI/ML). The two terms overlap, but they are distinct [31]. Artificial intelli-
gence (Al) is the ability of a computer to mimic aspects of human intelligence. The underlying
task is usually one of inference, in which an AI model takes a complex input and produces a
simple output, for example by classifying a picture as a cat or a dog. That in turn supports more
complex tasks, for example by creating a new picture based on simple text prompts.

The Al model is usually implemented by an artificial neural network. That mimics the oper-
ation of the brain by combining the inputs in a calculation that is conceptually simple but uses a
large number of adjustable parameters. The details are usually proprietary: the inputs and out-
puts are clearly defined, but the calculations are hidden.

The parameters’ values are not explicitly defined. Instead, they are computed during a process
of machine learning (ML), also known as training. During that process, the AI/ML model takes a
set of training data and calculates the corresponding output. The model’s parameters are then
adjusted to bring the actual output slightly closer to the desired one. After many such steps invol-
ving large amounts of training data, the parameters have been optimized and the model is said to
be trained.

There are a few different implementations. During supervised machine learning, the desired
output is identified by a human operator, for example by labelling a training image as a cat or a
dog. Unsupervised learning involves the automatic identification of features that distinguish the
input data, while semi-supervised learning uses a mix of the two. During reinforcement learn-
ing, the model has a simple goal (e.g. winning a game of chess) and learns the best way to achieve
that goal by trial and error.

Later releases of 5G include a framework for the use of artificial intelligence and machine
learning throughout the 5G system [32]. Training and inference are handled either by the man-
agement system or by the individual network functions, while the signalling procedures are
enhanced to support the deployment of AI models and the exchange of training and inference
data. We will see some examples as part of Chapters 20 and 23.

1.4 The 3GPP 5G System

1.4.1 The 3GPP Specifications for 5G

The 5G specifications are written by 3GPP in the same way as the earlier specifications for LTE,
UMTS and GSM. They are organized into releases [33], each of which contains a stable and
clearly defined set of features. Within each release, the specifications progress through a number
of different versions. New features can be added to successive versions until the release is frozen,
after which the only changes involve refinement of the technical details, corrections and clar-
ifications. Table 1.1 lists the releases that 3GPP has used since the introduction of UMTS,
together with their most important features. (The numbering scheme was changed after Release
99, with later releases numbered from 4 onwards.)

5G was first specified in Release 15, which focuses mainly on eMBB, but also includes support
for low-latency and high-reliability communications. Within that release, the specifications
were frozen in three separate drops to help equipment manufacturers introduce the most impor-
tant capabilities early on without waiting for later capabilities to be specified in full [34]. Release

13
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Table 1.1 3GPP specification releases for UMTS, LTE and 5G.

Release End date New features

Rel-99 December 1999 UMTS, WCDMA

Rel-4 June 2001 TD-SCDMA

Rel-5 September 2002 HSDPA, IP multimedia subsystem
Rel-6 September 2005 HSUPA

Rel-7 March 2008 Enhancements to HSPA

Rel-8 March 2009 LTE

Rel-9 March 2010 Location services for LTE

Rel-10 June 2011 LTE-Advanced, carrier aggregation
Rel-11 March 2013 Co-ordinated multi-point transmission
Rel-12 March 2015 Dual connectivity, LTE sidelink
Rel-13 March 2016 LTE-Advanced Pro, eMTC, NB-IoT
Rel-14 June 2017 Vehicle communications for LTE
Rel-15 June 2019 5G

Rel-16 June 2020 MTC and vehicle communications for 5G
Rel-17 June 2022 Non-terrestrial networks

Rel-18 June 2024 5G-Advanced, extended reality, AI/ML
Rel-19 December 2025 (target) Enhancements to 5G-Advanced

Rel-20 June 2027 (target) Studies into 6G

Rel-21 March 2029 (or later) 6G specifications

16 supports all the use cases and requirements for 5G and conforms with the requirements of
IMT-2020 [35]. Release 17 added enhancements such as the use of satellites and other non-
terrestrial networks, and took the opportunity to remove some outdated terms from the speci-
fications [36, 37]. 5G systems from Release 18 onwards are known as 5G-Advanced [38], while
work on a sixth generation (6G) is due to start in Release 20.

The specifications are also organized into several series, each of which covers a particular part
of the system. Table 1.2 summarizes the contents of series 21-38, which contain all the speci-
fications for UMTS, LTE and 5G, as well as specifications that are common with GSM.
(Some other series numbers are used exclusively for GSM.) Although most series contain spe-
cifications for each of the 3GPP technologies, the 38 series is devoted to the 5G air interface and
RAN, so it is an important source of information for this book.

When written in full, an example specification number is TS 23.501 v. 18.7.0. Here, TS stands for
Technical Specification, which is the output from the 3GPP work item in which the specification
was created. The series number is 23, 501 is the specification number within that series, 18 is the
release number, 7 is the technical version number within that release and the final 0 is an editorial
version number that is occasionally used for non-technical changes. 3GPP also produces Technical
Reports (TR), which are the output from preliminary 3GPP study items. They are purely informa-
tive and have three-digit specification numbers beginning with 9, 8 or occasionally 7.

In a final division, each specification belongs to one of three stages, following a scheme that is
defined by the ITU [39]. Stage 1 specifications define the service from the user’s point of view and
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Table 1.2 3GPP specification series used by UMTS, LTE and 5G.

Series Scope

21 High-level requirements

22 Stage 1 service specifications

23 Stage 2 service and architecture specifications
24 Non-access stratum protocols

25 UMTS air interface and radio access network
26 Codecs

27 Data terminal equipment

28 Network management, including for 5G

29 Core network protocols

30 Programme management

31 UICC and USIM

32 Network management and charging

33 Security

34 UE test specifications

35 Security algorithms

36 LTE air interface and radio access network
37 Multiple radio access technologies

38 5G air interface and radio access network

lie exclusively in the 22 series. Stage 2 specifications define the system’s high-level architecture
and operation, and lie mainly (but not exclusively) in the 23 series. Finally, stage 3 specifications
define all the functional details.

The stage 1 and 2 specifications are especially useful for acquiring a high-level understanding
of the system. The most useful ones for 5G are TS 22.261, TS 23.501, TS 23.502 and TS 38.300
[40-43], which respectively cover the requirements, the system architecture, the high-level sig-
nalling procedures and the 5G air interface. Others include TS 23.503, TS 33.501, TS 37.340 and
TS 38.401 [44-47], which cover policy control, security, dual connectivity with LTE and the 5G
radio access network. There is, however, an important note of caution: those specifications are
superseded later on and cannot be relied on for complete accuracy. Instead, the details should be
checked in the relevant stage 3 specifications.

The individual specifications can be downloaded from 3GPP’s specification numbering page
or from its FTP server [48, 49]. The 3GPP website has summaries of the features in early releases
[50], and later releases are summarized as technical reports [51-55].

1.4.2 Technical Performance Capabilities

Based on its earlier studies, the ITU prepared a set of performance requirements for IMT-2020,
which it published in November 2017 [56]. In parallel, 3GPP published its own requirements for
the 5G air interface in October 2016 [57, 58]. The 3GPP system is designed to be compliant with
IMT-2020, so the two sets of requirements are very similar; they are summarized in Table 1.3.
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Table 1.3 Technical performance requirements for 5G.

Main 5G

Parameter LTE-Advanced 5G use case
Peak data rate 500 Mbps (UL) 10 Gbps (UL) eMBB

1000 Mbps (DL) 20 Gbps (DL)
Typical spectral 0.7-2.25 bits s Hz ™! 1.6-6.75 bits s~* Hz™* eMBB
efficiency® (UL) (UL)

1.1-3 bits s™* Hz™ ! (DL) 3.3-9 bits s Hz ™' (DL)
Energy efficiency n/a Maximize eMBB
Maximum UE speed 350kmh™* 500kmh™* eMBB
User plane latency 5ms 0.5ms URLLC
User plane reliability® n/a 99.999% URLLC
Maximum coupling loss®  n/a 143dB eMBB

164 dB 164 dB mMTC
Battery life 10yr 10-15yr mMTC
Connection density 60 000 km ™2 1000 000 km™> mMTC

 Targets in various ITU performance environments.

® Delivery of a 32 byte packet within 1 ms.

¢ Data rate of 1 Mbps DL/30 kbps UL for eMBB and 160 bps for mMTC.

4 Delivery of 200 uplink bytes per day, with a coupling loss of 164 dB and a 5 Wh battery.

The table also states the earlier requirements for LTE-Advanced, incorporating those for IMT-
Advanced and, where relevant, NB-IoT [5, 59, 60].

Looking first at the peak data rate, the design targets for LTE-Advanced were 1000 Mbps on
the downlink and 500 Mbps on the uplink. The design targets for 5G were far greater: 20 Gbps on
the downlink and 10 Gbps on the uplink. The increase is mainly achieved by increasing the max-
imum bandwidth of each individual cell, from 20 MHz in the cases of LTE and LTE-Advanced,
to an initial value of 400 MHz in the case of 5G. (We will discuss the peak data rates that the two
systems can actually handle as part of Chapter 11.)

It cannot be stressed too strongly, however, that these peak data rates can only be reached in
ideal conditions, for example if the bandwidth is very large and the received signal is very strong.
A better measure is the typical spectral efficiency, which expresses the typical capacity of one cell
per unit bandwidth, in units of bits s™' Hz . 5G was designed to support a spectral efficiency
about three times greater than the original target for LTE-Advanced. (Once again, we will dis-
cuss the figures that are actually achieved as part of Chapter 11.)

In LTE networks, around 15% of the operating expenditure is for electrical power alone, with
around 80% of that consumed by the base stations [61]. There is a risk of that situation worsening
as the data rates increase, so there was a qualitative requirement to maximize the 5G network’s
energy efficiency, which expresses the capacity of one cell per unit of electrical power in units of
bits s WL,

The air interface’s user plane latency is the time required for a data packet to travel between
the mobile and the backhaul, provided that the air interface is not congested. (Additional delays
can arise within the fixed network itself or in cases of congestion.) To handle URLLC applica-
tions, 5G supports an air interface latency as low as 0.5 ms and also requires the air interface to
deliver packets within that time with a reliability as high as 99.999%.
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The remaining requirements are applicable to machine-type communications and address the
need to support a large number of machine-type devices with a long battery life. (The coupling
loss is related to the range of the communication system and will be defined in Chapter 4.)

5G does not have to meet all of these requirements at the same time. Typically, an individual
network slice will support some requirements but not others, for example the requirements for
low latency and high reliability might be supported by a slice intended for URLLC, while those
for enhanced coverage and long battery life might be supported by a slice for mMTC.

1.4.3 High-level Architecture

Architecturally, 5G builds on LTE by adding a number of new components, which are shown in
Figure 1.6. The 5G core network (5GC) contains new network functions that support NFV, SDN
and network slicing. The next-generation radio access network (NG-RAN) introduces new inter-
faces and signalling procedures for the backhaul and for communications between nearby base
stations, and supports RAN centralization and virtualization, edge computing and network sli-
cing. Together, the two networks form the 5G system (5GS). The 5G system does not interact with
GSM or UMTS, with one exception that we will highlight in Section 1.5.

The 5G base station is known as a next-generation Node B (gNB). The gNB communicates with
the mobile over an air interface known as the New Radio (NR), which supports millimetre-wave
and multiple antenna communications.

Generically, an individual eNB or gNB is known as a node. As shown in Figure 1.6, an indi-
vidual node can lie in either the E-UTRAN, the NG-RAN or both. Specifically, a node lies in the
E-UTRAN if it supports the legacy LTE backhaul and is connected to the evolved packet core,
and in the NG-RAN if it supports the new 5G backhaul and is connected to the 5G core.

1.4.4 Architectural Options

As implied by Figure 1.6, one of the important features of 5G is its close inter-operation with
LTE. To help enumerate the different possibilities, the 5G specifications support a number of
different architectural options, which were identified and numbered as part of the early
3GPP studies into 5G [62]. We will discuss these options more fully as part of Chapter 3, but

Figure 1.6 High-level architectures of LTE and 5G.
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Figure 1.7 Architectural options for 5G.

they are summarized in Figure 1.7. An individual network operator can support one, some or all
of these options at the same time.

Option 1 is a legacy LTE system that supports dual connectivity. Option 3 replaces the second-
ary eNB with a secondary gNB (SgNB), and is the one most commonly used by early roll-outs of
5G. The next two options introduce the 5G core network and the NG-RAN, using a master eNB
and an optional secondary eNB in option 5, and a secondary gNB in option 7. In the last two
options, the gNB takes on the role of a master gNB (MgNB), operating either alone or with a
secondary gNB in option 2 and with a secondary eNB in option 4.

With the exception of option 1, each of these options uses aspects of 5G. However, some care is
needed to distinguish the use of 5G in the air interface, the fixed network or both. On the air
interface, the term standalone (SA) refers to architectures that use a single radio access technol-
ogy, while non-standalone (NSA) refers to a mix of technologies [63]. With that definition,
options 1 and 5 are standalone implementations of the LTE air interface, option 2 is a standalone
implementation of the 5G New Radio, and options 3, 4 and 7 are all non-standalone. In the fixed
network, option 3 is based on the LTE evolved packet system, while options 2, 4, 5 and 7 are
based on the 5G system. Option 2 is the only one that uses 5G alone.

Because of that issue, parts of the book are only relevant to certain architectural options, and
not to others. In an attempt to resolve any confusion, Table 1.4 summarizes how the material in
this book maps onto the options listed above, with ticks denoting topics that are relevant and
brackets denoting those that are relevant with restrictions or modifications. As an example,
the architectural material in Chapters 2 and 3 mainly addresses the 5G system, but it also covers
the core and radio access networks of LTE to meet the needs of architectural option 3.
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Table 1.4 Mapping between the 5G architectural options and the contents of the book.

Chapters Topics Option 3 Option 5 Option 7 Option 2 Option 4
1 Introduction v v v v v
2-3 System architecture ) v v v v
4-6 Wireless communications v ) v v v
7-12 5G New Radio v v v v
13-19 5G system operation 4 v v v
20-23 5G-Advanced v v v v

1.5 Enhanced Mobile Broadband

1.5.1 eMBB Applications

We now return to the three use case families that we introduced in Section 1.2. The most fun-
damental is enhanced mobile broadband (eMBB), which addresses similar markets to LTE but
with improved capabilities [13]. In particular, the eMBB use case calls for a higher data rate than
LTE can provide in terms of the peak data rate in ideal conditions, the expected data rate in more
typical conditions and the minimum in conditions of poor network coverage.

Applications are drawn from the traditional business and consumer markets. Examples
include data downloads and real-time video in an indoor office environment, traffic hotspots
such as shopping centres and other dense urban environments, public events such as football
matches and concerts, and the provision of a consistent mobile broadband experience for con-
sumers in rural areas and on public transport.

Some eMBB applications are controlled by the IP multimedia subsystem. Two in particular
stand out. Firstly, the 5G system handles voice calls using VoIP alone, with the calls controlled
by either a third-party application or the IP multimedia subsystem [64—66]. Release 16 introduces
limited support for single radio voice call continuity, such that the network can convert an ongo-
ing IMS voice call to a circuit-switched call, and can hand the mobile over to a 3G cell [67]. The
mobile’s communications with any external packet data networks are torn down, while there is
no support for SRVCC to a 2G cell and no support for circuit-switched fallback at all. The second
application involves public safety networks for the emergency services, which the 5G system
supports from Release 17 [68-71].

1.5.2 The Market for eMBB

To illustrate the market for eMBB, Figure 1.8 shows the total traffic being handled by mobile
telecommunication networks throughout the world in units of exabytes (10'® bytes, i.e. one bil-
lion gigabytes) per month. The data are from Ericsson [72, 73], and are based on measurements
up to the third quarter of 2024 and forecasts thereafter. The networks are dominated by mobile
broadband applications, with video making by far the biggest contribution. Noting the log scale
on the vertical axis, the traffic levels have increased by a factor of over 100 since 2012, but the rate
of growth has slowed considerably and is currently around 15-20% per year.
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Figure 1.8 Monthly traffic due to different mobile telecommunication applications, with measurements
up to the third quarter of 2024 and forecasts thereafter. Source: Data from Ericsson 2024.
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Figure 1.9 Numbers of subscriptions to different mobile telecommunication technologies, with
measurements up to the third quarter of 2024 and forecasts thereafter. Source: Data from Ericsson 2024.

As the traffic levels have grown, there has been a shift towards devices that support the 5G
New Radio. Nevertheless, developed markets have become saturated with smartphones and
sales have stalled. To illustrate that, Figure 1.9 shows Ericsson’s measurements and forecasts
of the numbers of mobile subscriptions worldwide, with subscriptions for machine-type commu-
nications excluded. The total number of subscriptions overtook the world’s population in 2018
because some subscriptions are inactive and because some users own more than one device. The
number of unique subscribers in the third quarter of 2024 was about 6.6 billion.

To make matters worse, increasing levels of competition have reduced network operators’ rev-
enue per bit, while subscribers have also been making greater use of free WiFi access and of
third-party services for voice and messaging. Together, these issues have caused network
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operators’ income to stall. To illustrate that point, Figure 1.10 shows estimates of the quarterly
revenue earned by network operators in the UK up to the second quarter of 2024, which have
been published by the UK regulator Ofcom [74]. (Ofcom’s data for earlier years use a different
accounting standard, so they are not directly comparable.)

Taking all of these issues into account, network operators have tended to conclude that the
traditional consumer market is not a promising source of future revenue. Their response has
been to look elsewhere.

1.6 Massive Machine-type Communications

1.6.1 mMTC Applications

The second use case is machine-type communications (MTC), also known as the internet of
things (I0T) [14]. These terms both refer to wireless communications between autonomous
machine-type devices without any direct human interaction. However, the first term is some-
times restricted to point-to-point communications, whereas the second implies that the devices
communicate over the internet. In turn, the terms massive machine-type communications
(mMTC) and massive internet of things (MIoT) both imply the aggregation and analysis of data
from large numbers of connected devices.

The applications for MTC are wide-ranging. One example is wireless tracking devices, for
example to report the physical location of goods in a warehouse, vehicles in a delivery system
or cats in a local neighbourhood. Another is wireless sensors, such as motion-triggered security
cameras, environmental sensors and strain gauges for bridges, buildings and other civil engi-
neering structures. A third application is electronic health, including the reporting of medical
information such as body temperature, blood pressure and glucose levels, to help permit inde-
pendent living for the elderly and for those with long-term medical conditions.

MTC has different performance requirements from mobile broadband. The devices must be
cheap and they require a low power consumption to ensure a long battery life. The devices must
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also communicate successfully if the received signal is very weak to support devices such as
smart meters that might be installed deep inside a building. The data rate of an individual
machine-type device is usually low, but the collective data rate can still be high. Furthermore,
the associated signalling messages can overwhelm the network if they are not carefully con-
trolled, for example if the devices try to re-establish communications following a network
outage.

5G supports massive machine-type communications in two ways, which we will discuss as
part of Chapter 21. Firstly, Release 16 integrates the eMTC and NB-IoT air interfaces into the
5G system, such that a machine-type device can communicate with the 5G core network through
a base station that supports one of those technologies. Secondly, Release 17 introduces 5G
reduced capability (RedCap) devices, which communicate using the 5G New Radio, but are sim-
pler and cheaper than a normal 5G device. They are aimed at applications such as wireless video
cameras, whose requirements exceed those of eMTC or NB-IoT but fall short of the underlying
capabilities of 5G.

1.6.2 The Market for MTC

In 2024, there were around 20 billion machine-type devices worldwide. The majority used unli-
censed technologies with a limited range of around 100 m, such as WiFi, Bluetooth and Zigbee.
There were also around 4 billion devices using wide-area technologies, which are collectively
known as low power wide area (LPWA) wireless. Two of those technologies operate in unlicensed
spectrum, namely Long Range Wide Area Network (LoRaWAN) and Sigfox, but the majority
make use of cellular communications in licensed spectrum. These are illustrated in
Figure 1.11, which contains measurements and forecasts by Ericsson of the numbers of cellular
IoT connections worldwide [72, 73].

The figure shows three main technology categories. Firstly, GPRS offers a basic set of capabil-
ities that have long been used for cellular IoT, and which were subsequently enhanced by a tech-
nology known as extended coverage GSM (EC-GSM). There is also some limited use of 3G. The
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Figure 1.11 Numbers of cellular loT devices using different mobile telecommunication technologies,
with measurements up to the third quarter of 2024 and forecasts thereafter. Source: Data from
Ericsson 2024.
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second category encompasses eMTC and NB-IoT. The third covers a mix of 4G and 5G technol-
ogies with improved capabilities, including 5G RedCap devices, as well as the devices for low
latency communication that we will discuss in Section 1.7.

1.7 Ultra-reliable Low-latency Communication

1.7.1 URLLC Applications

Ultra-reliable low-latency communication, also known as critical communication (CriC), is a
family of use cases that are characterized by the need for very low latency, often in conjunction
with very high reliability [15].

Latency is the time required to deliver packets between the mobile and an external server. LTE
supports latencies of a few tens of milliseconds for non-roaming mobiles, which are low enough
for conversational VoIP and video over IP. However, they are still too high for other applications,
for example wireless industrial control systems, vehicle communications and extended reality.
Meanwhile, the LTE air interface can deliver traffic with very high reliability, but only if the
latency is high enough (tens or hundreds of milliseconds) for packets to be re-transmitted if they
arrive incorrectly. It is far more difficult to deliver packets reliably with a lower latency, and a
new air interface is required.

URLLC encompasses applications in which 5G can offer the greatest benefits over LTE, both
because of their technical requirements and because of the opportunity they offer network
operators to go beyond their traditional consumer markets. 5G supports URLLC through a num-
ber of enhancements to the air interface and the network architecture [75-77], which will be an
ongoing theme throughout this book.

1.7.2 The Industrial Internet of Things

Low latency and high reliability come together in the concept of wireless industrial automation.
This is often known as the Industrial Internet of Things (I1oT), and is sometimes depicted under
the buzzword Industry 4.0 as a fourth industrial revolution, which it is hoped will succeed the
original industrial revolution of the late eighteenth and early nineteenth centuries, the introduc-
tion of mass-production around the start of the twentieth century and the introduction of com-
puters from the 1950s. For example, a factory or larger industrial site might contain robots and
other industrial machinery that are equipped with large numbers of sensors and actuators, and
are governed in a closed-loop control system by a central server. In such a factory, wireless con-
trol brings several advantages over a network of fixed cables because it is cheaper and easier to
install the system, to add new machinery and especially to reconfigure the factory in response to
changes in customer demand. Although such a wireless control system might operate using unli-
censed spectrum, a licensed system such as 5G can operate over longer ranges and with lower
levels of interference, and hence with higher reliability.

Wireless industrial control systems have requirements that go beyond the basic capabilities of
URLLC, and which also arise in applications such as smart energy distribution and live televi-
sion production [78-84]. The most important is the need to synchronize all the devices to the
same external clock, while others include the need to operate in private 5G networks that
are not accessible to the general public and to integrate with older solutions that are based
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on local area networks. The 5G system supports these requirements from Release 16 and we will
discuss them as part of Chapter 21.

1.7.3 Vehicle-to-everything Communication

Vehicle-to-everything (V2X) communication refers to the exchange of information between a
road vehicle and the mobile telecommunication network, and with other vehicles and pedes-
trians that are nearby. It is best considered as an aspect of URLLC that has extra requirements
of its own, in particular the need to handle fast-moving mobiles and to support device-to-device
communications on the sidelink.

Vehicle communications can be carried out using unlicensed spectrum, for example using a
variant of WiFi known as dedicated short-range communication (DSRC), which is defined in the
standard IEEE 802.11p. As in the case of industrial IoT, however, cellular networks offer several
advantages, in particular a higher transmit power and a lower level of interference, which lead to
longer range and higher reliability. LTE was enhanced to offer basic support for vehicle com-
munications as part of LTE-Advanced Pro, but that was limited by LTE’s capabilities for data
rate, latency and reliability. Such support is greatly improved by 5G and is implemented from
Release 16 [85, 86]. We will address vehicle communications as part of Chapter 22.

1.7.4 Extended Reality and Media

Extended reality (XR) is an umbrella term for three types of service: augmented reality (AR) over-
lays additional information onto a natural scene; virtual reality (VR) generates an artificial scene
by a process known as rendering; and mixed reality (MR) inserts artificial elements into a natural
scene to give the illusion that they are the same. As a simple example, virtual reality headsets
find consumer applications in immersive entertainment and online games, and require very low
latencies to avoid feelings of nausea on the part of the user.

Extended reality services can trigger the introduction new types of media that go beyond the
traditional audio and video. The most demanding are so-called haptic data, which are responsive
over the timescales of human touch and require feedback within a few milliseconds to give a
realistic impression to the user. Other examples might include text information for speech syn-
thesis or augmented reality applications, and information about the surrounding environment
such as its brightness, temperature or humidity.

The requirement for low latency triggers a need for coordination and synchronization among
the different types of data stream. To address that issue, Release 18 introduces support for
extended reality services that involve multiple streams of traffic, but which are limited to a single
source and destination [87]. Release 19 extends that support to so-called metaverse services,
which require coordination among multiple sources and multiple destinations [88, 89]. Even
so, some extended reality applications require a combination of high data rate, low latency
and high reliability that lies beyond the capabilities of 5G. Those applications will require a
sixth-generation system, which we will address in Chapter 23.
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