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Preface

The first wave of 4th Generation systems is finally being deployed over Europe, providing a
vehicle for broadband mobile services at any time, any place and anywhere. However, mobile
traffic is still growing and the need for more sophisticated broadband services will further
push the limit on current standards to provide an even tighter integration between wireless
technologies and higher speeds, requiring a new generation of mobile communications: the
so-called 5G. The evolution towards 5G is considered to be the convergence of Internet ser-
vices with legacy mobile networking standards, leading to what is commonly referred to as the
‘mobile Internet’ over Heterogeneous Networks (HetNets), with very high connectivity
speeds. Green communications seem to also play a pivotal role in this evolutionary path, with
key mobile stakeholders driving momentum towards a greener mobile ecosystem through
cost-effective design approaches. In fact, it is becoming increasingly clear from new emerging
services and technological trends that energy and cost-per-bit reduction, service ubiquity and
high-speed connectivity are becoming desirable traits for next-generation networks.

Until now, the notion of 5G was covered in a veil of mystery, with several stakeholders
proposing disruptive ideas towards shifting the market to their customer base and expertise.
This book aims to harness the fragmented views on SG mobile communications to paint a
more focused technology roadmap, putting in place a clear set of challenges and requirements
to address the so-called 1000x challenge.

Drawing from the editor’s vast experience in European research and of being at the fore-
front of 5G communications, this book aims to be the first of its kind to talk openly about 5G,
and will hopefully serve as a useful tool for all 5G stakeholders, in academia and industry
alike, to draw inspiration towards taking further innovative strides in this fast-evolving arena.

Jonathan Rodriguez
Senior Research Fellow
Instituto de Telecomunicagdes, Aveiro, Portugal
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Introduction

Information technologies have become an integral part of our society, having a profound
socio-economic impact, and enriching our daily lives with a plethora of services from media
entertainment (e.g. video) to more sensitive and safety-critical applications (e.g. e-commerce,
e-Health, first responder services, etc.). If analysts’ prognostications are correct, just about
every physical object we see (e.g. clothes, cars, trains, etc.) will also be connected to the net-
works by the end of the decade (Internet of Things). Also, according to a Cisco forecast of the
use of IP (Internet Protocol) networks by 2017, Internet traffic is evolving into a more dynamic
traffic pattern. The global IP traffic will correspond to 41 million DVDs per hour in 2017 and
video communication will continue to be in the range of 80 to 90% of total IP traffic. This
market forecast will surely spur the growth in mobile traffic with current predictions suggest-
ing a 1000x increase over the next decade.

On the other hand, energy consumption represents in today’s network a key source of
expenditure for operators that will reach alarming levels with the increase in mobile traffic, as
well as a factor that is widely expected to diminish market penetration for next-generation
handsets as they become more sophisticated and power hungry.

These two attributes in synergy have urged operators to rethink the way they design, deploy
and manage their networks in order to take significant steps towards reducing their capital and
operating expenditures (Capex and Opex) in next-generation mobile networks — what is gen-
erally referred to as 5G, or more specifically 5G mobile.

In order to be ready for the 5G challenge, key mobile stakeholders are already preparing the
5G roadmap that encompasses a broad vision and envisages design targets that include:
10-100x peak-rate data rate, 1000x network capacity, 10x energy efficiency, and 10-30x
lower latency paving the way towards Gigabit wireless. The research community at large has
started to evolve the concept of 5G based on this clear set of widely accepted design targets.
Early prominent scenarios are starting to emerge, where industrial stakeholders are proposing
disruptive ideas towards shifting the market to their customer base and expertise. All the ideas
are promising and could play a paramount role in the deployment of 5G mobile networks, with
many of these concepts generated through white papers, international research efforts and
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technology fora. However, the work reported so far is fragmented and lacks cohesion, based
on evolving specific scientific and technology strands such as small cells, network coding or
even cloud networking, to name a few. Metaphorically, these works can be perceived as pieces
of the 5G jigsaw but, without a holistic perspective in place, it becomes difficult to ‘envisage
and build the jigsaw’; without adopting an interdisciplinary design approach, it becomes even
more difficult to ‘even fit two pieces together’. It is clear that without a concerted view on the
fundamentals of 5G, we will end up building a system that is sporadic and disjointed, providing
incremental improvement at best. So what are the fundamentals of 5G? Well, in essence, if we
abstract the technological details, these are the basic building blocks or axioms on which we
can build to evolve incremental improvements, and represent the most basic platform on
which to deliver new services and applications. While building upon 4G systems, in the most
basic sense, 5G is an evolution considered to be the convergence of Internet services with
legacy mobile networking standards leading to what is commonly referred to as the ‘mobile
Internet’ over Heterogeneous Networks (HetNets), with very high-speed broadband. Green
communications also seem to play a pivotal role in this evolutionary path with key mobile
stakeholders driving momentum towards a greener mobile ecosystem through cost-effective
design approaches. Therefore, in essence, the scope of 5G is not only the mobile and wireless
pieces, but also includes the wide area coverage network; or in other words, the Internet will
also play a pivotal role in the fabric of the 5G technology ecosystem. Understanding the
Internet today, its limitations and the way forward, will assist us with our interdisciplinary
design and place a fence around the 5G mobile system solution space based on the requirements
and mechanics of the overlay networks. Indeed, if we can take a step back and take a snapshot
of the ‘holistic picture’ then we are able to nicely design and shape the pieces of our jigsaw,
so that they fit together seamlessly, and engineer the system that we had originally intended in
the right timeframe. This mindset provided the inspiration for this book and the title
Fundamentals of 5G Mobile Networks.

This book aims to be the first of its kind to talk openly about 5G, and unveil the shroud of
mystery that surrounds this topic. We aim to harness ongoing international research efforts in
this field to provide a fundamental vision for 5G mobile communications based on current
market trends, proven technologies and the European research roadmap. Taking a step inside
the vision, we elaborate further on major technology enablers that appear to be strong candi-
date technologies to form part of the 5G mobile components and that include cognitive radio,
small cells, cooperation, security, Self-Organising Networks (SON) and green multi-mode RF
(Radio Frequency); this list is not exhaustive but these are somewhat proven technologies that
have received wide interest so far. Not only do we discuss the mobile network component of
5G, but we also consider the Internet perspective to allow us to understand how the two can
work in synergy to provide end-to-end connectivity for future 5G services. Migrating to the
application and service perspective, we investigate the notion of Mobile Clouds as a technol-
ogy and service for future communication platforms that seems to be playing an increasingly
important role in terms of ‘hot applications’ for 5G. In fact, cloud-based resource-sharing has
witnessed a tremendous growth period and now comprises a multitude of potential resources
that can be shared either within a specific cloud or amongst interconnected clouds. Emanating
from this notion is mobile cloud computing, which introduces mobile devices as nodes access-
ing services in cloud-based resource pools. This paradigm elaborates on a plethora of possi-
bilities for sharing resources and connectivity, opening new business opportunities for mobile
stakeholders. In addition to cloud services, the 5G mobile network is potentially being
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perceived as the vehicle for delivering next-generation TV services. In fact, TV broadcasting
and mobile broadband are undoubtedly essential parts of today’s society, and both of them are
now facing tremendous challenges to cope with the future demands. Regardless of whether
consumers are using digital satellite or DTT (Digital Terrestrial Television) to receive their TV
content, neither of these platforms currently meets the needs of a growing non-linear, truly
on-demand consumption paradigm, and therefore hybrid solutions that include the mobile
network are being sought that can provide a ‘win-win’ Broadcast-Broadband (BC-BB) con-
vergence solution for 5G, and thus deserve mention. The final chapter will bring together all
the pieces of the 5G jigsaw to reveal a snapshot of current progress towards the 5G communi-
cation platform, outlining the existing challenges that still lie ahead, particularly towards
energy efficiency. The chapter is concluded by proposing a vision for 5G mobile based on
legacy market trends.

We hope this book will serve as a useful reference for early-stage researchers and academ-
ics embarking on this 5G odyssey, but beyond that, target all major 5G stakeholders that are
working at the forefront of this technology to provide inspiration towards rendering ground-
breaking ideas in the design of new 5G systems.

To guide the reader through this 5G adventure, the book has the following layout.

In the first instance, the aim is to provide the set of design requirements that are currently
driving the technology roadmap of ‘5G Mobile’. However, in order to see where we want to
go, we also need to appreciate where we are and therefore, chapter 1, entitled ‘Drivers for 5G:
the ‘Pervasive Connected World’, kicks off with an overview of mobile systems to place a
marker on the current commercial status of mobile telephony, that being 4G (4th Generation
systems).

In fact, the first wave of 4G systems is finally being deployed over Europe, providing a
vehicle for broadband mobile services anytime and anywhere. However, mobile traffic is still
growing and the need for more sophisticated broadband services will further push the limit on
current standards to provide even tighter integration between the wired and wireless world,
providing fibre-like experience for mobile users over a future Internet of Things, requiring a
new generation of networking capability collectively known as 5G. To mould a future 5G
system, it is becoming increasingly clear from new emerging services and technological trends
that energy and cost-per-bit reduction, service ubiquity and high-speed connectivity are
becoming desirable design traits, with a first wave of this technology expected to reach the
marketplace around 2020. In this first chapter, we address current international research efforts
on 5G (in Europe, the United States and East Asia), and beyond that propose a 5G mobile
architecture and set of system requirements. The architecture will then provide the bridge
towards the set of scientific and technology enablers considered in this book, each one consid-
ered timely and a piece of the 5G jigsaw.

In this book, we not only address future challenges and the technical roadmap towards 5G
mobile, but also take a step back and take a bird’s-eye view of the network evolution on a gran-
deur scale, since the wide area coverage network is also considered a piece of the 5G jigsaw.
Without any major improvements here, any enhancements that we squeeze from the mobile
network will not translate back to the end user in terms of Quality of Experience (QoE); the
latter a rather more widely adopted term to reflect the actual perceived user quality. Therefore,
it was deemed appropriate to consider a chapter on the 5G Internet to allow us to understand
how progress here is also on the same playing field as its mobile counterpart. In chapter 2, “The
5G Internet’, we consider the future Internet and address the consolidated steps taken by the
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research community towards answering new challenges on cloud-as-a-service, widely seen as
a pivotal application for the future Internet inspired by important breakthroughs on the Internet
of Things, Software Defined Networking, Network Function Virtualisation, Mobility and the
notion of the ‘Differentiation of services with aggregate resource control framework’. Moreover,
we introduce a Resource-over-Provisioning approach that has the potential to become an
enabler for effective use of network capacity in the 5G Internet. Hopefully, this chapter will
provide a catalyst for mobile system designers to re-engineer the mobile access network
through interdisciplinary design to support a seamless networking interface and end-to-end
communication pipe to the service layer.

Cellular networks are undergoing a major shift in their deployment and optimisation. New
infrastructure elements, such as femto/pico base stations, fixed/mobile relays, cognitive radios
and distributed antennas are being massively deployed, thus making future 5G cellular sys-
tems and networks more heterogeneous. In this emerging networking environment, small cells
could play a fundamental role for the successful deployment of 5G systems. In chapter 3,
entitled ‘Small Cells for 5G Mobile Networks’, we introduce the notion of small cells, and
discuss legacy deployments that effectively focus on extending coverage, data offloading and
signal penetration for indoor (residential, enterprise) environments. However, in the United
States and Korea, traffic congestion and need for higher QoE in dense urban areas have been
driving rollout of outdoor/public small cells, which creates the stage for the densification of
small cells over wide area coverage as a natural step forward. However, despite the recent
popularity of small cells on a smaller scale, there is no single technological advance today that
can meet the projected traffic demand for 2020. In fact, today’s technology roadmaps depict
different blends of spectrum (Hertz), spectral efficiency (bits per Hertz per cell) and small
cells (cells per km?) as a stepping stone towards meeting the 5G challenge. Therefore, as we
migrate towards the 5G era, with advances in small-cell technologies aggregated with sup-
plementary techniques based on advanced antennas (mmWave and massive MIMO (multiple-
input multiple-output) among others) Multiple-Input Multiple-Output — MIMO) and additional
spectrum, we can potentially arrive at a candidate solution for 5G mobile networks. Having this
in mind, in this chapter, we review small-cell performance based on Long-Term Evolution —
Advanced (LTE-A) using multiple antennas to provide a conceptual idea on the limits of
densifications. In the absence of any disruptive technologies, once cell-densification limits are
reached, and given no further increases in spectral efficiency levels, wider spectrum and a
more efficient utilisation of available resources and sharing remains the way forward.

Beyond 4th-Generation (4G) wireless technologies, the introduction of heterogeneous net-
works (HetNets) shifts the interest towards short- and medium-range communications inside
the macro cells, motivating further the concept of node cooperation. To that end, in chapter 4,
entitled ‘Cooperation for Next Generation Wireless Networks’, we inv