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Abstract

This chapter looks at the features in the first phase of fifth generation (5G) that supports 
the vertical industry. Moving onto future phases of 5G, Third Generation Partnership 
Project and the cellular industry has invited and offered to work with all vertical indus-
tries to define additional requirements for future 5G releases. One interesting vertical 
industry, for example, is professional audio production which requires strict synchroni-
zation of devices to function. The chapter discusses the significance of network slicing 
for the support of the vertical industry services. It examines a number of other issues that 
impact the vertical services such as virtual network function placement, multi-access 
edge computing, and artificial intelligence. The chapter further presents an overview of 
the key concepts discussed in the subsequent chapters of this book. The book examines 
the impact of 5G cellular communications on the various vertical industries.

Keywords  5G cellular communications; network issues; network slicing; radio access; 
Third Generation Partnership Project; ultra-reliable and low-latency communications 
standardization; vertical industries

1.1  Introduction

It is without a doubt that commercial wireless cellular communication has 
changed how we, as human beings, interact with each other. As young graduate 
students over 30 years ago, we could not have imagined how enhancing our 
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5G Verticals4

communications would have altered the way we interact in the world. At that 
time, our dream was to bring ubiquitous wireless telephony to the world. The 
attraction of that dream is obvious, to give users the freedom of movement while 
being able to continue a telephone call. There was no discussion about the killer 
application because voice was the only application. Commercial wireless sys-
tems were in their infancy, analog modulation was king, and only the very elite 
would have a telephone in their car. If you wanted to take the phone with you, 
it was carried in its own briefcase because the size of the phone was that large.

Decades ago, the concept of cellular was considered new. It necessitated the 
development of base stations serving a small area, or cell, because of the require-
ment of providing high capacity mobile telephony that did not require a very large 
number of channels. Arguably, cellular communication was born on 4  January 
1979, when the Federal Communications Commission authorized Illinois Bell 
Telephone Co. to conduct a trial of a developmental cellular service in the Chicago 
area. Around the same time, American Radio Telephone Service Inc. was authorized 
to operate a cellular service in the Washington–Baltimore area. The feasibility and 
affordability of cellular services where the same channel may then be re‐used within 
a relatively small distance was then demonstrated. More importantly, from a com-
munication system point of view, the concept of capacity increase by densification1 
was established and full commercial service first began in Chicago in October 1983.

From these humble beginnings, cellular communication has grown into a 
common and necessary part of everyday human interaction. The transformation 
of the cellular phone from a telephony device to a pillar of human social interac-
tion can be laid at the development of the so‐called “smart phone”. Humanity 
changed in 2008 and is now dependent upon the applications on the smart phone 
as a harbinger of information, as well as to enable socialization with others in an 
individualized way. Indeed it is ubiquitous customized socialization that has 
transformed our society. In some sense, it has not only brought us closer to each 
other but also closer to our humanity.

As we move into the era of 5G cellular communication, humanity will move 
from the age of human social communication to a world where communications 
is fusing together the physical, digital, and biological worlds; the so‐called “fourth 
industrial revolution” [3]. This will represent an unprecedented opportunity to 
transform our industry and simultaneously drive profitability and sustainability. 
Innovations will enhance the production cycle and connect manufacturers 
with  their supply chains and consumers to enable closed feedback loops to 
improve products, production processes, and time‐to‐markets. As an example of 

1  It should be noted that almost all of the gain in the capacity of the commercial wireless 
communication system in history has come from densification of the network. A discussion 
of fifth generation (5G) densification can be found in [1, 2].
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the potential economic impact, the World Economic Forum studied the impact of 
this on the state of Michigan [4]; the birthplace of modern automotive mass manu-
facturing. Today, the manufacturing environment of the automotive industry is 
undergoing unprecedented change spurred on by the changing expectation of 
digital consumers, the emergence of the smart factory, and the rise of connected 
vehicles.2 This change is coinciding with the transition from mass manufacturing 
to hyper‐customization demanded by the customer. No longer are consumers 
looking to just buy a product; they are looking for a complete customized user‐cen-
tric experience.

Sustainability has now also become a prime concern for consumers and manu-
facturers alike. Embracing sustainability and green principles is not just a mere 
marketing tool anymore. Consumers and regulators are no longer satisfied when 
economic growth happens at the expense of the environment and are setting higher 
and higher sustainability requirements. The fourth industrial revolution presents 
an opportunity to decouple this relationship by providing both economic growth 
while enhancing simultaneously the environment [4]. As an example, the auto 
manufacturers are, more and more, making bold commitments to sustainability. 
The vision of General Motors (GM) of zero crashes, zero emissions, and zero con-
gestion demonstrates the auto industry’s strategy of coupling growth with sustain-
ability. As part of this, GM is committed to using 100% renewable energy by 2050. 
Both GM [5] and Ford [6] have committed to the United Nations 2030 sustainability 
goals [7].

For the state of Michigan alone, the fourth industrial revolution is projected to 
add $7 billion to the automotive industry by 2022 [4]. From a global perspective, the 
main societal benefits are the time and cost savings and efficiency gains from spe-
cific hyper‐customized services and applications while enhancing sustainability. 
Paramount within this transformation is that human‐to‐human communication 
will only form one pillar. The other pillars will be the revolutionary changes to 
other vertical industries enabled by ubiquitous communication. This book will 
examine the impact of 5G cellular communications on the various vertical 
industries.

1.2  5G and the Vertical Industries

As the fourth generation (4G) cellular system, embodied by Long‐Term Evolution 
(LTE), is now reaching maturity, the cellular industry has developed the first 
standards for 5G: Third Generation Partnership Project (3GPP) Release 15 [8, 9]. 
5G, however, arrives at a challenging time for the industry because the industry 

2  See Chapters 9 and 10.
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has reached 8.8 billion global mobile connections from 5.1 billion unique sub-
scribers [10]. This implies that almost every person who wants a mobile connec-
tion already has one. The economic impact is such that increasing revenue for 
mobile carriers from enhanced mobile broadband (eMBB) service will be difficult. 
The first wave of 5G users will not be new users but mostly users that are upgrad-
ing their services from older generations to the 5G eMBB service. It can then be 
argued that the success of 5G, for the industry, will depend upon more than the 
success of the 5G eMBB service. In other words, one must look beyond the eMBB 
service in order to expand the 5G footprint.

There is, however, a pot of gold at the end of the rainbow. It is expected that in 
the future, the number of connected things will far exceed the number of humans 
on Earth (7.6 billion). One research report predicted that by 2020 the number of 
connected devices will reach 20 billion [11]; roughly three times the number of 
humans on Earth. Furthermore, the growth of this number is expected to be expo-
nential and unbounded. Consequently, connected devices (the so‐called Internet 
of Things [IoT]) provides a growth path for the cellular industry.

This growth path, however, is not without its challenges. While the eMBB 
service is a monolithic service, the IoT potential includes a large number of verti-
cal industries; each with its own service requirements. Indeed the service is so 
diverse that it resemble the long tailed services discussed in [12] with eMBB as the 
head service and the vertical services representing the long tail (Figure 1.1). The 
main characteristic of the long tail is that each vertical service in the long tail does 
not generate significant revenue but because the tail is long, there is a large 
number of different vertical services, the total revenue is significant; often more 
than the so‐called “head service”. This is the classic so‐called “selling less to more” 
scenario.

The size of the long tail has been examined by a number of studies. For exam-
ple, [13] estimated that the economic impact would be a massive 2016 $12 trillion 
per year by 2035 (Figure  1.2). A similar projection of $14 trillion by 2030 was 
reported by [14]. To give a sense of the scale, the current global revenue of the cel-
lular industry is about $1 trillion per year in 2018 [10]. The total size of the tail has 
the potential to be 12 times that of the head in 2018. Even capturing a part of this 
would represent significant growth for the cellular industry.

The European Commission has an in‐depth study on the growth in vertical 
business for the mobile 5G service providers [15]. This report focused on just a few 
key verticals but the trend is very clear. It showed that the revenue mix in 5G, is 
perhaps, the biggest difference between 5G and 4G (Figure  1.3). Currently the 
revenue from IoT services is a very small part and most of the revenue is from the 
eMBB service. By 2025, however, it is anticipated that the revenue from the verti-
cal services would surpass that of eMBB. This would be just as transformative a 
milestone in the history of the commercial wireless industry as the first time that 
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Figure 1.1  A schematic representation of the vertical services as long tailed services. 
The figure is modified from that in [12] to reflect the wireless industry.
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Figure 1.2  An estimate of the economic impact of different industries by 2035. 
Source: Data from [13].
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the revenue from data exceeded that from voice. 5G has the capability for such a 
transformation because it offers more to the vertical industry than just connectiv-
ity. It offers an innovative communication platform to not only do things more 
efficiently but to do more and different kind of things; ranging from smart facto-
ries to smart cars to smart unmanned aerial vehicles.

From service providers’ point of view, the road to 5G is clear; they have to begin 
to restructure their businesses around the vertical industry opportunities that 
5G provides. Several tier one operators have already begun to restructure their 
organization to take advantage of these new opportunities. In the past, the 
operator might have been divided into a mobile, an enterprise, and maybe an IoT 
business unit. Today, we are starting to see them structure by vertical industries. 
This allows them to provide the needed focus on the new business initiatives built 
around specific vertical industries.

While carriers are at the beginning of their journey to support the vertical 
industry, some of the ecosystem players are further ahead [14]. Intel, Qualcomm, 
and Huawei are well on their way to building interoperable integrated solutions 
across diverse vertical sectors. Apple and Samsung are providing horizontal 
interoperability between devices with their integrated home IoT suites. The com-
mercial mobile industry will provide the key backbone that supplies essential con-
nectivity between billions of cloud applications and sensors with the biggest 
opportunities in providing consumer and enterprise applications and services to 
the verticals making the IoT a reality.

Mobile carriers are not the only ones that can see this new opportunity. Over the 
top (OTT) players, such as Amazon that started the whole heavy tail transforma-
tion, are also extremely excited about the potential new 5G business opportuni-
ties. They are also transforming themselves to provide new customized services 
for the vertical market. The carriers, if they are to stop the trend, namely OTT 
provides the service and the carriers just provide the pipe for the communications 
that is needed by the services, that 4G started, will need to find ways to out innovate 
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Figure 1.3  The projected operator revenue from difference services. Source: Projection 
data from [15].
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the OTT players. All is, however, not bleak for the carriers. As the rest this book 
will make evident, 5G is ushering in the age of ultra‐customization. This means 
that the competitive advantage for the carriers is laid in the unique network intel-
ligence that allows the carriers to customize their 5G service. For example, they 
can use machine learning techniques to customize the network slice for the appli-
cation that will provide a better service experience.

Socioeconomically 5G support of the vertical industry has the potential to offer 
the most promise for eliminating the disadvantages associated with the digital 
divide [16]. The access to mobile broadband, from 4G, has significantly closed the 
digital divide by providing broadband access to those without fixed broadband 
access. The socioeconomic disadvantage, however, persisted even though access 
to broadband improved because the digital divide and physical divide are often in 
conjuction. The physical isolation of these vulnerable populations lock them out 
of opportunities and services even if they are provided with a broadband link. For 
example, they are unable to maintain regular contact with service providers 
which hampers their ability to monitor chronic diseases, connect with job oppor-
tunities real time, or connect with assistance for homework and research papers 
to aid their academic pursuits. The support of the different verticals with 5G can 
potentially solve all these issues by bringing the services to the disadvantaged. It 
can untether expert medical care from physical hospitals, expert career coaching 
from physical offices, and expert teachers from their academic institution, to offer 
customized services to their clients. The report [16] studied a number of vertical 
use cases and concluded that 5G vertical support, along with the hyper‐custom-
ized technologies and applications that they will support, can be the great socio-
economic equalizer by providing emerging pathways for economic and social 
opportunities.

The concept of hyper‐customization, selling less to more, has a profound impact 
on the requirement of the cellular systems. For one thing, it is no longer economi-
cal to build a customized system for every service. That does not mean that each 
vertical service does not need customization but just that such customization can 
no longer be at the hardware level. Fortunately, at about the same time that 5G 
was being developed, the phenomenon of movement of data to the cloud so that 
it can be easily accessed from anywhere with any device was taking shape [1]. The 
end points and the time frame for which network services are providing are thus 
fundamentally redefined. The resulting network needs to be much more nimble, 
flexible, and scalable. The two enabling technologies are: network function virtu-
alization (NFV) and software defined networking (SDN). Network functions that 
have been traditionally tied to customized hardware appliance via NFV can now 
be run on a cloud computing infrastructure in the data center. It should be 
understood that the virtualized network function here does not necessarily have a 
one to one correlation with the traditional network functions but rather can be 
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new functions created from, e.g. the functional decomposition of traditional functions. 
This gives the network designer extreme flexibility on how to design the virtual-
ized functions and interconnection. SDN provides a framework for creating intel-
ligent programmable networks from the virtualized network functions that are, 
possibly, interconnected on all levels [17]. Together these technologies endow the 
5G network with significant nimbleness through the creation of virtual network 
slices that support new types of vertical services [18] that may leverage informa-
tion centric network features [19]. A more precise and detailed discussion of net-
work slicing will be given later, for now we will just use the concept that a network 
slice contains all the system resources that are needed to offer a particular services 
so that each vertical industry can be supported in a slice. Consequently, 5G solves 
the economic issue by affording the network designer to create a single network 
that can be customized (slice) and scaled [20] for different vertical markets eco-
nomically via software.

1.3  5G Requirements in Support of Vertical Industries

There are now a significant number of papers in the literature that discuss 
5G  systems support for vertical industries. The main characteristics of these 
systems are rapidly becoming open ecosystems built on top of common 
infrastructures  [21]. In essence, they are becoming holistic environments for 
technical and business innovation that integrates network, computer and 
storage resources into one unified software programmable infrastructure. 
Moreover, the strict latency requirements of verticals, such as factory 2.0, is forc-
ing the network designer to put significant network resources at the edge of the 
network for distributed computing. This is the so‐called multi‐access edge com-
puting (MEC) phenomenon.

The 5G service and operational requirements have been detailed in [22]. Detailed 
requirements from the automotive, eHeath, Energy, Media, and Entertainment, 
and Factory of the Future were analyzed. The needs of these industries can be con-
densed into five use cases: dense urban information society (UC1), virtual reality 
office (UC2), broadband access everywhere (UC3), massive distribution of sensors 
(UC4), and actuators and connected car (UC5). These can then map to the follow-
ing radio network requirements:

1)	 300 Mbps per user in very dense outdoor and indoor deployments.
2)	 Broadband access (50 Mbps per user) everywhere else.
3)	 1 Gbps per user for indoor virtual reality office.
4)	 Less than 10 ms exchange to exchange (E2E) latency everywhere.
5)	 One million devices per square kilometer.

0004536444.INDD   10 31-12-2019   08:40:39
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6)	 Battery life of 10 years.
7)	 Ultra reliable communication with 100 Mbps per user with 99.999% 

reliability.
8)	 Ultra low latency communication with 5 ms E2E latency.

These requirements were developed into the standards [9] as eMBB, massive 
machine type communication (mMTC) and ultra‐reliable and low‐latency 
communications (URLLC) services. Since the use of unlicensed carriers in coor-
dinated, on demand service‐orientated fashion can offer high performance system 
gains [23] for certain vertical industry services, the standards also developed the 
support for Licensed Assisted Access.

The role of the network operator can clearly been seen as to provide a tailored 
communication system to its customers (end users, enterprises, and vertical 
industries). This requires the 5G system to have the ability to flexibly integrate the 
cellular communication system for various business scales ranging from multi‐
nationals to local micro‐businesses [24]. Having to adopt to a variety of require-
ments, some of which may not be known during initial system design, has led to 
the concept of network slicing. This network flexibility will, thus, become a first 
key design principle in the 5G control plane. Other key design principles which 
allows the customer to customize, manage and even control the communication 
slice include: the openness of the control plane for service creation, connectivity 
via a multitude of access technologies (e.g. licensed and unlicensed access) and 
context awareness by design. The technology enablers are:3 network slicing, smart 
connectivity, modular architecture, resource awareness, context awareness, and 
control without ownership. Some of these concepts, such as control without own-
ership, are still under discussion in 3GPP and will not be finalized in the first 
release of the standards.

The aforementioned requirements are the first step in supporting the vertical 
industries. More detailed requirements for supporting the different verticals will 
be discussed in later chapters. The remainder of this chapter will look at the fea-
tures in the first phase of 5G that supports the vertical industry. Moving onto 
future phases of 5G, 3GPP and the cellular industry has invited and offered to 
work with all vertical industries to define additional requirements for future 5G 
releases. One interesting vertical industry, for example, is professional audio 
production which requires strict synchronization of devices to function [25]. The 
requirement for low latency and synchronization goes beyond what is being 
developed in the current URLLC standardization. 3GPP will consider these 
requirements and the suite of options for vertical support in 5G in future releases 
of the standard will, thus, be enhanced as needed.

3  A more detailed discussions of the 5G network technologies can be found in Chapters 6 and 7.
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1.4  Radio Access

The 3GPP has been working on specifying the 5G radio interface, also referred to 
as New Radio (NR) [26].4 There is always a need for mobile broadband with higher 
system capacity, better coverage, and higher data rates. In 5G, the needs are for 
more than mobile broadband. One such need is for URLLC, providing data deliv-
ery with unprecedented reliability in combination with extremely low latency, for 
example targeting industrial applications in factory setting.

Another is for mMTC, providing connectivity for a very large number of devices 
with extreme coverage, very low device cost and energy consumption. NR is being 
designed to support eMBB, URLLC, and mMTC. Moreover, it is possible that 
other use cases that are not yet known may emerge during the lifetime of NR. 
Therefore, NR is designed to support forward compatibility, enabling smooth 
introduction of future use cases within the same framework.

At present, 3GPP plans to develop the technologies and features to support 
eMBB, URLLC, and mMTC over multiple releases, e.g. 3GPP Releases 15, 16, 
and 17. The Release 15 specification covers technologies and features that are 
needed to support eMBB and URLLC. 3GPP has developed technologies, e.g. 
enhanced machine type communication and narrowband IoT that can handle 
mMTC use cases and can satisfy mMTC 5G requirements, and further tech-
nologies are expected to be developed to support other mMTC use cases in the 
later releases.

The eMBB service is to support a range of use cases including the ones identi-
fied in [27], namely (i) broadband access in dense areas, (ii) broadband access 
everywhere, and (iii) higher user mobility. Broadband access must be available in 
densely populated areas, both indoors and outdoors, such as city centers and 
office buildings, or public venues such as stadiums or conference centers. As the 
population density indoors is expected to be higher than outdoors, this needs cor-
respondingly higher capacity. Enhanced connectivity is also needed to provide 
broadband access everywhere with consistent user experience. Higher user mobil-
ity capability will enable mobile broadband services in moving vehicles including 
cars, buses, and trains.

The URLLC is a service category designed to meet delay‐sensitivity services 
such as industrial automation, intelligent transportation, and remote health [28]. 
Since the human reaction time is in the order of a millisecond (e.g. around 1 ms 

4  A more detailed discussion of how the industry developed the 5G standards, its technology 
and evaluated the performance can be found in [8].
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for hand touch and 10 ms for visual reaction), packets for the mission‐critical 
applications should be delivered in the order of a microsecond [28].

The NR is designed in such a way that eMBB, URLLC, and mMTC use cases are 
supported over a unified, flexible, and scalable frame structure. The NR interface 
provides a flexible framework that can be used to support different use cases. This 
is accomplished through a scalable Orthogonal Frequency Division Multiplexing 
(OFDM) based numerology and flexible frame structure. When scheduling URLLC 
traffic together with eMBB traffic within the same frame, since the URLLC traffic 
needs to be immediately transmitted due to its hard latency requirements, the 
URLLC transmission may overlap onto previously allocated eMBB transmissions. 
Various techniques to efficiently provide the resource allocation for eMBB and 
URLLC are given in [29, 30].

The service requirements of 5G also cause significant changes in the concept 
of a cellular system. For example, the concept of a cell is no longer relevant. It 
has evolved, in 5G, to a concept known as multi‐connectivity. In principle, 
multi‐connectivity refers to a device sharing resource of more than one base 
station. This concept is not really new and it has its roots in Release 12 dual con-
nectivity. For 5G FDD/TDD dual connectivity, this allows for the transmission of 
multiple streams to a single UE that is semi‐statically configured. The higher 
layer parallel transmission here is the key. It makes dual connectivity applicable 
to those deployment scenarios without requiring ideal, almost zero latency 
backhauls. 5G support LTE‐NR dual connectivity which allows one of the carri-
ers to be LTE while the other is NR.

Also within the multi‐connectivity umbrella, it allows for uplink (UL)/downlink 
(DL) decoupling; having different cells associated with the UL and DL. The basic 
configuration is for one cell to be configured with two ULs and one DL. One of the 
UL carriers is a normal TDD or FDD UL carrier while the other is a supplemen-
tary uplink5 (SUL) band (Figure 1.4). This configuration allows for the dynamic 
scheduling and carrier switching between the normal UL and the SUL. The UE is 
configured with two ULs for one DL of the same cell, and uplink transmissions on 
those two ULs are controlled by the network. One major advantage of the SUL is 
for it to be in a lower frequency while the paired UL and DL carrier is in a higher 
frequency. This is extremely important because the UL is power restricted for 
health reasons. For high data rates, configuring the SUL in this configuration can 
give extra range to the UL to balance the UL and DL coverage. This capability is 
key to certain vertical use cases that are more UL intensive.

5  In 5G, an UL-only carrier frequency is referred to as the SUL frequency from a NR 
perspective. See [8].
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1.5  Network Slicing

It should now become clear to the reader that we cannot understate the importance 
of network slicing in supporting the vertical industries. On account of the recent 
advances in the NFV and SDN technologies [31], mobile network operators 
(MNOs) or even mobile virtual network operators6 (MVNOs) can use network 
slicing to create services that are customized for the vertical industries [32].

The impact of slicing in a 5G system was studied in [33] for the specific case of 
a vehicle network. It confirmed that slice isolation is a key requirement in three 
different aspects: (i) slice A should not be influenced by other slices even when 
the other slices are running out of resources, (ii) to prevent eavesdropping, direct 
communication between the slices should not be allowed, and (iii) a mechanism 
to prevent “through the wall hijacking” should be in place. Security isolation was 
the topic of investigation in [34]. Their conclusion is that a prerequisite for run-
ning a highly sensitive service in a network slice is full isolation of the slice from 
all other users. This needs a trusted relation between the vertical industry and the 
mobile operator from which the vertical is renting the resources. The operator 
needs to ensure to the vertical that it will guarantee the needed isolation and secu-
rity for their traffic and devices. Currently in 3GPP there is a study item to look at 
the isolation issue. One proposal that is favored by some of the industrial 2.0 com-
panies is for the vertical industry to take full control over the network slice. This 

6  The difference between a MNO and a MVNO is that the MNO owns the underlying network 
resources. A MVNO offers mobile services like a MNO but does not own the network resources. 
It rents the resources from one or more MNOs.

UL coverage

DL coverage

SUL DL+NUL

Low NR Frequency High NR Frequency

SUL coverage

Figure 1.4  Single cell with two uplink carriers and one downlink carrier. NUL, normal 
uplink.
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allows for the vertical industry to dictate the isolation and security. It should be 
noted that this point is still begin discussed in 3GPP and the solution is currently 
not yet settled.

The feasibility of using NFV and SDN for slicing has been recently studied. In 
[35] a network slicer which allows vertical industries to define vertical services 
based upon a set of service blueprints and arbitrating, in the case of resource 
shortages, among the various vertical industries was shown to be effective for net-
work slicing implementation. In a similar concept, a slice optimizer which com-
municates with an SDN controller to receive information regarding the network 
slice and adapts the slices according to the network state was proposed and ana-
lyzed in [36].

In parallel to the NFV and SDN advances, semantic interoperability develop-
ment allows for the exchange of data between applications, as well as an increase 
in the level of interoperability, analytics, and intelligence [37]. This technology is 
now overcoming the limitation of static data models and bridges the gap between 
the different vertical industries’ network slices.

An overview of the solutions proposed in the literature [38, 39], and the current 
network slicing status in 3GPP are detailed in [40]. A network slice is defined, in 
the standards, as a logical network that provides specific network capabilities and 
network characteristics. From a user’s point of view, it behaves like a customized 
wireless system, which may be dynamically reconfigured, dedicated for its use. 
The standards have taken a strong step toward a cloud native approach to net-
work slicing [41]. This is achieved through virtualization and modularization of 
the network function while providing a notion of network programmability 
through a system service‐based architecture. The intension is for network 
function services to be flexibly used by other authorized network functions by 
exhibiting their functionality via a standardized service‐based interface in the 
control plane. The question as to whether the slice extends and how far into the 
radio access network (RAN) [42] was discussed extensively in 3GPP. RAN slicing 
is particularly challenging because of the inherently shared nature of the radio 
channel, the desire for multi‐user diversity gain, and the impact of the transmitter 
on the receiver [43]. The conclusion is that for the first phase of 5G, it was agreed 
that the RAN will only be slice‐aware so as to treat the sliced traffic accordingly. 
The RAN will support inter‐slice resource management and intra‐slice quality of 
service differentiation. The network designer has full flexibility of how to achieve 
this in the system.

It is now clear that NFV and SDN allow network resources to be isolated into a 
programmable set of slices in order to guarantee the E2E performance of the net-
work. Note that this guarantee is regardless of what is happening elsewhere in the 
network. This is known as “slice isolation”. We will see later on that slice isolation 
is one of the reasons that makes the design of the 5G network so challenging 
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because one cannot just blindly implement the IT cloud concepts in the mobile 
network and hope to obtain an efficient network.

Efficient resource management [38] and orchestration [44], with and without 
mobility [45], to effectively manage the network slice to exploit is inherent flexi-
bility will be paramount to servicing the vertical industries economically. The first 
challenge is for the graceful life cycle management of the virtual network func-
tions (VNFs) and scaling of the system resources in a dynamic fashion. This is 
complicated by the fact that the VNFs are just pieces of software that can be 
instantiated anywhere in the network topology. The consequence of this is that 
the traditional protocol stack was designed without this flexibility of the location 
of the VNFs in mind. The interrelationships between the protocol stack and any 
instantiation has not been optimized in Release 15 which put certain constraints 
on the locational relationship between the VNFs. 3GPP is currently studying the 
issues and the optimization of the protocol stack for anywhere instantiation may 
be a feature in future releases. For example, there may need to be a design of a 
slice aware mobility management protocol to optimize the mobility challenges in 
network slicing [46].

The second challenge is to manage and orchestrate the resources such that the 
multiple network slices implemented on a common infrastructure can maintain 
isolation. The network would need to have resource elasticity to optimize the net-
work sizing and resource consumption by exploiting statistical multiplexing gains 
[44] while maintaining isolation. Here, resource elasticity is defined as the ability 
of the wireless communication system to allocate and deallocate resources for 
each slice autonomously to scale the current available resources with the service 
demand gracefully.

The standards do not specify how the management and orchestration is done 
for network slicing. Such design is left up to the system designer. Part IV of this 
book will give some insights on how to achieve this in support of the vertical 
industry. Clearly, in order to customize the network for the service, joint resource 
allocation strategy that takes into account the significance of the resource to a 
particular service would be advantageous in supporting the diverse vertical appli-
cations on a common infrastructure  [47]. Furthermore, to guarantee isolation, 
there is a desire to augment each virtual resource at instantiation with back up 
resources. This ensures that when failures occur, sufficient resources are available 
to maintain the service. In so doing, it becomes clear that there is a utilization 
tradeoff between reliability, isolation and efficient utilization of the resource. One 
method to circumvent this is to use pooled and shared backup resources [48]. The 
analysis showed that significant utilization improvement can be obtained.

One of the main challenges to slicing is an efficient method of exposing the 
capabilities of the network using network abstraction to the orchestration layer. 
This is compounded by the fact that the network is distributed and the service 
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may span across several domains. There are many options for the system designer 
to implement the service orchestrator; ranging from simple distribution to federa-
tion. In [49] an orchestrator component was proposed that monitors and allocates 
virtual resources to the network slices and makes use of federation with other 
administration domains to take decisions on the end‐to‐end virtual service.

The distribution of the service over many domains has a profound impact on 
the security of the service. In the extreme case, the distributed infrastructure that 
the service runs on may come from different MNOs. The MVNO leases these 
resources in a dynamic fashion to fulfill its service requirement. 3GPP, in the 
development of the standards, states that non‐management prerequisites “such as 
trust relationships between operators, legal and business related, to create such a 
slice are assumed to exist” [50] between the MNOs and MVNOs for multi‐operator 
slice creation. Consequently, the open environment which enables the trading of 
resources, perhaps in the form of slices, is required to facilitate the isolation and 
scalability of the vertical services implemented over a shared infrastructure. In 
[51], using Factory of the Future as the exemplary use case, it was suggested that 
a 5G network slice broker in a blockchain can reduce the service creation time 
while autonomously handle network service request. The sharing of crosshaul 
capabilities in a 5G network via a multi‐domain exchange was analyzed in [52] for 
the architectures proposed in the EU H2020 project. Another proposal, [53], is to 
use fair weighted affinity‐based scheduling heuristic to solve the scheduling of 
micro services across multiple clouds.

Several reports demonstrating slice management in a 5G network have been 
reported in the literature. An overview of the different experimental SDN/NFV 
control and orchestration for the ADRENALINE test bed was presented [54]. The 
test bed can then be used for the development and testing of end‐to‐end 5G verti-
cal services. In [55], the authors proposed an end‐to‐end holistic operational 
model following a top‐down approach. They planned to realize the service opera-
tional framework within the MATILDA EU H2020 project.

1.6  Other Network Issues

The previous section discussed the significance of network slicing for the support 
of the vertical industry services. This section will examine a number of other 
issues that impact the vertical services such as VNF placement, MEC, and artifi-
cial intelligence (AI).

In a 5G network, where network function are virtualized and running on distrib-
uted hardware, the network topology to instantiate the VNF can have significant 
impact on the efficiency of the service. This problem is further compounded by the 
non‐uniform nature of the service demand and the irregular nature of the network 
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topology. This problem is not addressed in the standards because it is considered an 
implementation issue but is an extremely active area in the research literature. One 
solution [56] is to map the non‐uniform distribution of signaling messages in the 
physical domain to a new uniform environment, a canonical domain, and then use 
the Schwartz–Christoffel conformal mappings to place the core functions. The anal-
ysis showed that the solution enhanced the end‐to‐end delay and reduced the total 
number of activated virtual machines. An affinity‐based approach was shown in 
[57] to solve the function placement problem better than the greedy approach using 
the first‐fit decreasing method. A multi‐objective placement algorithm  [58] only 
performs 5% less than the one obtained with the optimal solution for the majority 
of considered scenarios, with a speedup factor of up to 2000 times. The foregoing is 
not meant as an exhaustive review of the work on VNF placement but rather to 
show the vibrant research that can be used for supporting vertical services.

Another area of significant research activity is in distributed edge computing. The 
distribution of functions, possibly, over multiple cloud infrastructures, and the con-
trol and data traffic through these functions is known as service function chaining 
(SFC) [59]. An architecture for providing cost effective MEC and other services for 
the vertical industry was detailed and validated in [60]. An interesting problem, if 
there is now significant computation done at the edge, is that mobility would imply 
that there needs to be some mechanism to enable service migration at the edge. 
Network virtualization and distribution for data services over distributed enhanced 
packet core was discussed in [61]. Reference [62] developed the concept of a Follow 
Me Edge‐Cloud leveraging the MEC architecture to sustain requirements of the 5G 
automotive systems. In principle the exact algorithm of linking the service to the 
cloud is up to the system designer, however, the standards provides the support to 
link the mobile service to the edge computing. Data plane distribution also has pro-
found impact on the control plane side. To satisfy the low latency requirement, like 
the data plane, the control plane needs to be hierarchical in nature [63]. This then 
implies [64] that for an efficient mobile wireless system, certain data in the control 
plane need to be synchronized in a distributed architecture. This is particularly 
important because of the statefulness of the commercial wireless system.

One area of research that is getting a resurgence is using AI for network 
management. 3GPP has studied the usage of AI and is currently standardizing a 
network Data analytic function and its interface in the second phase of 5G 
(Release 16). The Internet Engineering Task Force (IETF) Autonomic Networking 
Integrated Model and Approach (ANIMA) working group is working on self‐man-
aging characteristics (configuration, protection, healing, and optimization) of dis-
tributed network elements, and adapting to unpredictable changes. The support 
of AI for vertical services is on its way. It should be noted that the standards will 
not standardize the AI methodology but rather will only standardize the interface 
to support AI functions. The interested reader can find details on the challenges 
and opportunities in [65].
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1.7  Book Outline

It should now be clear that 5G is a network that was endowed, from the very beginning, 
with capabilities that allow for economical customization of the wireless network for 
different vertical industries; indeed, maybe to such a fine scale as each application. This 
chapter is the only chapter in Part I of this book. The rest of the book will elucidate 
what enables 5G to have such attributes and how it will revolutionize the communica-
tions within the vertical industries. It is organized as shown in the following.

Part II of this book is on deployments and business model opportunities and 
challenges. There is one chapter (Chapter 2) in this part. This chapter describes 
how the 5G network is designed to support a variety of vertical services from the 
operator point of view. The chapter introduces a variety of 5G services and their 
requirements. This chapter also gives a detailed presentation on the 5G network 
deployment architecture. Furthermore, this chapter also discusses a service‐aware 
SON and some practical use cases. Performance benefits are also analyzed.

Part III of this book is on radio access technologies for 5G verticals. The discus-
sions of the 5G standards here are necessarily laconic. The interested readers are 
encouraged to consult the more pedagogical discussion in [8]. There are three 
chapters (Chapters 3, 4, and 5) in this part.

Chapter 3 is on NR radio interface for 5G verticals. This chapter provides an 
overview of the 3GPP NR radio interface design and explains how it can be tailored 
to meet the requirements of different verticals. The chapter also covers advanced 
technologies for NR such as scalable OFDM numerology, flexible slot structure, 
massive multiple‐input multiple‐output (MIMO), beamforming, advanced chan-
nel coding, millimeter‐wave deployment, spectrum aggregation, and dual connec-
tivity and how these features enable various verticals.

Chapter 4 is dealing with one of the most important issues in millimeter‐wave 
communications, i.e. the effects of dynamic blockage in multi‐connectivity mil-
limeter‐wave radio access. This chapter provides a tutorial on modeling the 
dynamic blockage processes for 5G NR connectivity, and then shows how to 
improve the session connectivity in the presence of dynamic blockage.

Chapter 5 is on radio resource management techniques for 5G verticals. This 
chapter discusses radio access network resources, network slicing and its chal-
lenges for achieving efficient resource management; then it exposes the reader to 
the resource management approaches that can support and build efficient net-
work slices for 5G verticals. Furthermore, resource allocation techniques and 
performance analysis are shown for virtual reality use case.

Part IV of this book is on network infrastructure technologies for 5G verticals. 
There are two chapters (Chapters 6 and 7) in this part.

Chapter 6 is on advanced NFV, SDN and mobile edge technologies for URLLC 
verticals. This chapter gives an overview of several URLLC vertical scenarios, their 
requirements and different deployment scenarios; it then discusses SDN, NFV and 
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5G core network functions to provide high precision networking to match the 
bandwidth, latency, and reliability targets of different URLLC applications.

Chapter 7 is on edge clouds complementing 5G networks for real time applica-
tions. This chapter describes the basics of edge cloud with respect to 5G network-
ing and deployment, and SDN, NFV, and the need for disaggregation of control 
from data planes to provide the best practices at the edge where control from the 
cloud is collapsing with the central RAN control at the edge. The chapter also 
provides the state‐of‐the‐art for edge cloud deployment options.

Part V of this book is on 5G key vertical applications. There are three chapters 
(Chapters 8, 9, and 10) in this part.

Chapter 8 is on 5G connected aerial vehicles. This chapter summarizes the needs 
and challenges to support aerial vehicles over current and future cellular networks, 
and provides a review of the research and development of drone communications 
in general from both academia and industry. This chapter also gives a discussion on 
the 5G challenges for aerial vehicle solutions and further work needed in this area.

Chapter 9 is on 5G connected automobiles. This chapter focuses on the value 5G 
brings to connected vehicles, specifically on high data rates, low latency, and edge 
computing features. This chapter concentrates on a couple of main use cases, 
vehicle platooning, and high definition maps, and how 5G and edge computing 
can assist to provide the best experience to the end‐user.

Chapter 10 is on 5G for the industrial application. It will study the capabilities of the 
current release of 5G and its applicability to the smart factory use cases. The gaps to 
the requirement will be identified and how the industry is working to find solutions 
to close the gaps will be elucidated. The chapter concludes with a discussion on the 
spectrum situation of industrial use as well as some early trials and demonstrations.
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