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Abstract

In recent years there has been a growing need for ubiquitous access to wireless network services.
Wireless networks are expected to deliver specific minimum quality of service (QoS) requirements
regarding high data rates, lower latency, and low power consumption to user mobile devices.
Satisfying these increasing QoS expectations in recent wireless networks such as fourth generation
(4G) and fifth generation (5G) is affected by challenges including spectrum efficiency, energy
efficiency and interference among others. To address these challenges there is need to develop better
media access control (MAC) protocols, implement changes in architectural infrastructure
incorporating macro and small cells to enable higher capacity, and design appropriate resource
allocation (RA) optimization algorithms based on modern artificial intelligence (Al) algorithms such
as biologically inspired algorithms. With this perspective, his work considers the application

biologically inspired algorithms for uplink RA in 4G and 5G scenarios.

In the first part of the work, Long Term Evolution Advanced (LTE-A) which is a ratified access
technology for 4G is considered. A heterogeneous network (HetNet) model based on macro and
small cells is developed. In particular, the focus is on the uplink which employs Single Carrier
Frequency Division Multiple Access (SC-FDMA). SC-FDMA technology requires special resource
block allocation patterns due to the subcarrier adjacency and exclusivity restriction resulting in
resource allocation problems. Unlike traditional analytical combinatorial resource allocation
schemes, this work proposes alternative biological inspired resource allocation schemes for
SC-FDMA due to their advantages of simple implementation compared to other analytical methods.
The performance of the developed schemes, Particle Swarm Optimization (PSO), Ant Colony
Optimization (ACO) and the proposed hybrid Adaptive Particle Ant Swarm Optimization (APASO),
is investigated and compared to that of the analytical model based on Lagrangian optimization. The
performance and complexity of the biological algorithms is observed to be near-optimal with APASO

outperforming the traditional PSO and ACO algorithms in resource allocation.

The second part of the work considers RA in 5G NOMA access schemes that are able to multiplex

vi



Abstract

multiple users on a resource element. The features of 5G heterogeneous networks have necessitated
the development of hybrid NOMA schemes combining the merits of the individual NOMA schemes
for optimal performance. Considering a HetNet scenario, a hybrid access model based on power
domain NOMA (PD-NOMA) and sparse code multiple access (SCMA) referred to as power domain
sparse code multiple access (PD-SCMA) is developed. The hybrid technologies on 5G networks
make complex air interfaces resulting in new resource allocation (RA) and user pairing (UP)
challenges aimed at limiting the multiplexed users interference. Furthermore, common analytical
techniques for evaluating the performance of the schemes lead to unrealistic network performance
bounds necessitating alternative schemes. This work explores the feasibility of a hybrid power
domain sparse code non-orthogonal multiple access (PD-SCMA) that integrates both power and code
domain multiple access on an uplink network with small cell user equipments (SUEs) and macro cell
user equipments (MUEs). Alternative biological RA/UP schemes; the ant colony optimization
(ACO), particle swarm optimization (PSO) and a hybrid adaptive particle swarm optimization
(APASO) algorithms, are proposed. Performance results indicate that the developed APASO
outperforms both the PSO and ACO in sum rate and energy efficiency optimization on application to
the PD-SCMA based heterogeneous network. In general, APASO appears to outperform PSO and
ACO by more than 14.39% while its best saturation performance is approximately 8.22% of

Langragian technique.

vii



Contents

Declaration 1 - Plagiarism
Declaration 2 - Publication
Dedication
Acknowledgements
Abstract

List of Figures

Listof Figures . . . . . . . . . . . . e

List of Tables

Listof Tables . . . . . . . . . . e e

List of Acronyms

Preface

I Introduction

1 Introduction and Background
2 Evolution of wireless networks
3 Fourth generation (4G) networks
3.1 LTE/LTE-A Architecture
32 LTE-A Protocols

3.2.1 Orthogonal Frequency Division Multiple Access (OFDMA) . . . .
3.2.2 Single Carrier Frequency Division Multiple Access (SC-FDMA) .

33 4G Challenges and Mitigation approaches

viii

ii

iii

iv

vi

xii

Xii

xiv

X1V

XV

xviii

[TV, NV, TV S U SV R NS N =



CONTENTS

4 Fifth generation (5G) networks . . . . . . . . . . . .. ... 8
4.1 SG Architecture . . . . . ... e 8

4.2 Macrocell-Small cell networks . . . . . . ... ... ... ... 9

4.2.1 Macrocell Networks . . . . . ... .. ... L L. 10

4.2.2 Microcell Networks . . . . . .. .. ... ... ... ... ... 11

423 Picocell Networks . . . . . . ... ... ... ... ... ..., 11

4.2.4 Femtocell Networks . . . . . ... ... ... .. ... ...... 12

4.3 NOMA AccessSchemes . . . . . . ... ... .. ... .. 13

4.3.1 Power Domain Non-orthogonal Multiple Access (PD-NOMA) . . 13

432 Multi-User Shared Access MUSA) . . . . ... . ... ... .. 13

433 Interleaved Based NOMA (IDMA) . . . ... ... ... ..... 14

434 Pattern Division Multiple Access (PDMA) . . . . ... ... ... 15

4.3.5 Sparse Code Multiple Access (SCMA) . . . . .. ... ... ... 16

4.4 5G Challenges and mitigation strategies . . . . . . . . . . . . .. ... ... 18

441 Interference . . . . . .. . ... 18

442 Spectrum Scarcity . . . . ... ..o 18

443 Heterogeneous Networks (HetNets) . . . . . ... ... ... ... 20

4.4.4 Energy Efficiency . . . . ... ... ... ... ... ... ..., 20

5 Research Problem Formulation and Motivation . . . . . ... ... .. ... .... 21
6 Research Objectives . . . . . . . . . . . . . e 21
7 Research Methodology . . . . . . . . . . . . . . .. . . .. 22
7.1 PSO . . . e 22

7.1.1 Principle of operation . . . . . . ... ... oL 23

7.1.2 Description of PSO algorithm parameters . . . . . . .. ... ... 23

7.1.3 Applications of PSO algorithm . . . . . ... .. ... .. .... 24

7.2 ACO . . e 25

7.2.1 Principle of operation . . . . . . ... ... oL, 25

7.2.2 Description of ACO algorithm parameters . . . . .. ... .. .. 26

7.2.3 Applications of ACO algorithm . . . . . ... ... ... ..... 27

7.3 Convex Optimization . . . . . . . . . . v v v vt e et e 28

8 Research Main Contribution . . . . . . . ... ... .. ... ... 29
References . . . . . . . . . o e 30

ix



CONTENTS

II Included Papers 42

A Alternative Energy Efficient Resource Allocation Algorithms for Uplink LTE-A

networks 43
1 Abstract . . . . .o e 44
2 Introduction . . . . . . . ... 44
3 Related Work . . . . . . . . L 46
4 SystemModel . . . . . . . ... 49
5 Resource block scheduling . . . . . .. ... ... .. .. L oL 51
5.1 Lagrangian Optimization . . . . . . . . . . . . . .. v v i v v 53

5.2 Particle Swarm Optimization(PSO) . . . . . . ... ... ... ... .... 55

5.2.1 Principle of Operation . . . . . .. ... ... .. ......... 55

5.2.2 PSO resource block scheduling . . . ... ............. 56

5.3 Ant Colony Optimization (ACO) . . . . . . . . . . . . ... . ..., 57

5.3.1 Principle of Operation . . . . . ... ... ... . ......... 57

532 Ant Colony Optimization(ACO) RA scheduling . . . .. ... .. 59

5.4 Adaptive Particle Ant Swarm Optimization (APASO) . . . . . . .. ... .. 60

54.1 Principle of Operation . . . . . ... ... ... . ......... 60

542 Adaptive Particle Ant Swarm Optimization (APASO) Scheduling . 62

5.5 Computational Complexity of Algorithms . . . . . . .. ... ... ..... 62
6 Performance Evaluation . . . . . . . . . . . . . . ... e 64
References . . . . . . . . . e 72

B Biological Resource Allocation Algorithms for Heterogeneous Uplink PD-SCMA NOMA

Networks 76
1 Introduction . . . . . . . . L 77
2 Related Work . . . . . . . . o 80
3 System Model . . . . . . . . . . e 82
4 Problem Formulation . . . . . .. ... ... 83
5 Resource Allocation and Encoding . . . . . . . ... ... ... L. 85
5.1 Power Allocation . . . . . . . . . . . 85
5.2 SCMAEncoding . . . . .. . .. . . e 85
5.3 Resource Allocation . . . . . . . . . . . ... 86
6 Applicaiton of RA Algorithms . . . . . . .. ... ... oL 88
6.1 Lagrangian Based Optimization . . . . ... ... ... .. ......... 88



CONTENTS

6.2 Particle Swarm Optimization(PSO) . . . . .. ... ... ... ... .... 89
6.2.1 Principle of Operation . . . . . .. ... ... ... ........ 89
6.2.2 PSOREscheduling . . . ... ... ... ... .......... 91
6.3 Ant Colony Optimization (ACO) . . . . . . . .. ... ... .. ... ... 92
6.3.1 Principle of Operation . . . . . .. ... ... ... ........ 93
6.3.2 Ant Colony Optimization(ACO) RA scheduling . . . ... . ... 94
6.4 Adaptive Particle Ant Swarm Optimization (APASO) . . . . . . ... .. .. 96
6.4.1 Principle of Operation . . . . . ... ... ... .......... 96

6.4.2 Adaptive Particle Ant Swarm Optimization (APASO) Scheduling . 96

7 Receiver Algorithm and Complexity . . . . . . . .. ... ... ... ... ... 98
8 Performance Evaluation . . . . . . . . .. ... L 98
9 Conclusion . . . . . . . . e 104
References . . . . . . . . . o e 104
III Conclusion 108
1 Summary of research contribution . . . . ... ... ... L. 109
2 Future Work . . . . . . . L 110

X1



List of Figures

List of Figures

O o0 9 A U B~ WD =

—_
o

> >
[\ I

A3

A4

AS

4G LTE/LTE-A architecture [14] . . . . . . . . . . . . . . o e
4G OFDMA architecture [15] . . . . . . . . . . . e
4G SC-FDMA architecture [23] . . . . . . . . . . e
5G architecture [49] . . . . . . . e
PD-NOMA transceivermodel [70] . . . . . . . . . . . . . . ... .. ... .....
MUSA transceiver model [73] . . . . . . . . . . ...
IDMA transceivermodel [75] . . . . . . . . . . ..o
PDMA transceiver model [78] . . . . . . . . . . . ..
SCMA encoding with K=6,N=4,J=2[84] . .. ... ... ... ... ........

Nature of interference in heterogeneous wireless networks . . . . . . ... ... ..

Heterogeneous macrocell-femtocell network architecture . . . . . . . ... ... ..
Throughput vs Transmit Power when N = 25 and K = 12, per subchannel peak power,
P,f;ak = 10mW, per user max power,P;"** = 200mW. The power spectral density of
noise is assumed to be -174dBm/Hz. . . . . . . . ... ... oo,
Throughput vs No of FUEs when the N = 25 and K = 12. Power spectral density of
noise assume tobe -174dBm . . . . . ... L oL
Average transmitted power per user per TTI, per subchannel peak power, P,fifk =
10mW, per user max power, ;"** = 200mW. The power spectral density of noise is
assumedtobe -174dBm/Hz. . . . . . .. .. ... oo
Sum-transmit power vs Number of FUESs, per subchannel peak power, P,f;lk =10mW,
per user max power, P;*%* = 200mW. The power spectral density of noise is assumed

tobe-174dBm/Hz. . . . . . . . . . e

Xii

10
13
14
15
16
17
19

66

66

67



LIST OF FIGURES

A.6

A7

A8
A9

Energy efficiency vs Minimum system throughput for different minimum rate
requirements, per subchannel peak power, P,f ‘Zlk = 10mW, per user max power, ’;"***
=200mW. . . L e e 68

Energy Efficiency vs Power when N=25, K = 12, per subchannel peak power, Py Zak

= 10mW, per user max power, ;"% =200mW. . . . . ... ... ... ... ... 69
Comparison of Jain’s Fairness index of algorithms . . . . ... .. ... ... ... 70
Running time (tic-toc) vs Number of iterations . . . . . . . . . .. ... ... .... 70

A.10 Average Energy Effiency vs Number of iterations when minimum system requirement

B.1
B.2
B.3
B4
B.5
B.6
B.7
B.8
B.9

is 200kpbs, per subchannel peak power, P,f ffk = 10mW, per user max power, P =

200mW. . .o 71
Systemmodel . . . . . ... 82
Example of SCMA encoding with K=6 SUEs, =4 REs,J=2 . .. ... ... .. .. 86
Sum-rate vs Numberof users . . . . . . . ... ... ... 99
Sum-rate vs Total Power . . . . . . . . ... 100
Energy efficiency vs Number of iterations . . . . . . .. ... ... ... ...... 100
Energy efficiency vs Number of iterations . . . . . . . .. ... ... ... ... 101
Fairness vs Number of users . . . . . . . . . ... . ... ... ... .. 102
Sum-rate vs Number of users for different MA schemes using APASO . . . . .. .. 102
Sum rate vs total transmit power using APASO for different MA schemes . . . . . . 103

B.10 Energy efficiency vs Number of iterations for different MA schemes using APASO . 103

xiii



List of Tables

List of Tables
1 Evolution of small cells [53] . . . . . . . . . . . . . . .. .. . .. 11
2 Different cases of interference in HetNets [53] . . . . . . . . . . . ... ... .... 19
A.1 Simulation Parameters . . . . . . . . . . . . ... 65
A.2 Simulation parameters for evolutionary algorithms . . . . ... ... ... ..... 65

X1V



List of Acronyms

1G

2G

3G

4G

5G

3GGP

ACO

APASO

AMPS

AWGN

BER

BIP

CSI

CDMA

EE

eNodeB

EPS

FBS

FDMA

First Generation

Second Generation

Third Generation

Fourth Generation

Fifth Generation

3rd Generation Partnership Project
Ant Colony Optimization
Adaptive Particle Ant Swarm Optimization
Advanced Mobile Phone System
Average White Gaussian Noise
Bit Error Rate

Binary Integer Problem

Channel State Information

Code Division Multiple Access
Energy Efficiency

E-UTRAN NodeB

Evolved Packet System

Femtocell Base Station

Frequency Division Multiple Access

XV



List of Acronyms

FUE
Gbps
GSM
HetNets
IoT
LTE-A
Mbps
MBS
MPA
MIP
MUE
NGWNs
NOMA
OFDMA
OMA
PDN
PSO
PD-NOMA
QoS
QoE

RF
SC-FDMA
SCMA
SIC
SINR

UE

Femto User Equipment

Giga bits per second

Global System for Mobile Communication
Heterogeneous Networks

Internet of Things

Long Term Evolution Advanced

Mega bits per second

Macrocell Base Station

Message Passing Algorithm

Mixed Integer Problem

Macro User Equipment

Next Generation Wireless Networks
Non-Orthogonal Multiple Access
Orthogonal Frequency Multiple Access
Orthogonal Multiple Access

Packet Data Network

Particle Swarm Optimization

Power Domain Non-Orthogonal Multiple Access
Quality of Service

Quality of Experience

Radio Frequency

Single Carrier Frequency Division Multiple Access
Sparse Code Multiple Access

Successive Interference Cancellation
Signal to Interference Noise Ratio

User Equipment

XVvi



List of Acronyms

UMTS Universal Mobile Telecommunication System

XVvii



Preface

“When wireless is perfectly applied the whole earth will be converted into a huge brain, which in fact
it is, all things being particles of a real and rhythmic whole. We shall be able to communicate with

one another instantly, irrespective of distance."

—Nikola Tesla

University of KwaZulu-Natal, September 8, 2020
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Introduction



1. INTRODUCTION AND BACKGROUND

1 Introduction and Background

In modern society, wireless communication plays an important part in different aspects of life. There
exist numerous instances of how wireless communication has revolutionized living standards of
modern society. The proliferation of smart phones provides a platform for a wide variety of end-user
mobile applications which have increased meteorically in recent years. A vast range of services can
now be offered using mobile communication devices. For instance, smart phones can be equiped
with life-saving technology (e.g. tele-medicine apps) which provides access to medical services to
improve lives of people in remote areas. They can also provide education based services such as
tele-education, or marketing services for business environments like tele-marketing. Mobile users
also rely heavily on their mobile phones as they navigate many other different aspects of their lives.
The applications that they use require specific quality of service (QoS) requirements from operators
such as higher data rate and reduced power consumption for their mobile terminals. Needless to say,
mobile communication is no longer a luxury but it is now a necessity to have in order to sustain a

reasonable quality of life.

The high demand for ubiquitous access to wireless communication services has increased the need
for access to network resources from consumers. To service this increasing user demands enhanced
media access control (MAC) protocols need to be implemented together with changes in infrastructure
architecture (including macro and small cells) to increase capacity. Improved RA algorithms motivated
by latest artificial intelligence (Al) algorithms such as nature-inspired algorithms need to be applied
for RA in wireless communication networks. As radio spectrum is a finite and scarce resource [1],
hence resource management in next generation wireless networks (NGWNG5) is crucial in servicing
user demand. In light of this realization, research in resource allocation in NGWNs has intensified
in recent years. Motivated by this perspective this work focuses on developing MAC protocols and
effecting infrastructure changes using macrocells and small cells to increase capacity, and applying
RA algorithms based on biologically inspired algorithms to optimize sum-rate and energy efficiency
of uplink long term evolution advanced (LTE-A) and non-orthogonal multiple access (NOMA) 5G
networks. We consider resource allocation using metaheuristic algorithms as alternatives to widely

investigated analytical techniques.

This chapter outlines evolution of wireless networks, conducts literature review on fourth generation
networks including LTE-A MAC protocols, and 4G challenges and mitigation strategies. Literature
review on fifth generation networks, macrocell and small cell architectures, and non-orthogonal

multiple access (NOMA) schemes is also presented. After discussing 5G challenges and existing



2. EVOLUTION OF WIRELESS NETWORKS

mitigation strategies, the research problem is formulated followed by vividly explained research

objectives and methodology .

2 Evolution of wireless networks

The evolution of wireless communication networks from the 1st generation which provided
voice-based 2G GSM networks to all IP-based 3G, 4G and 5G networks has been fueled by the
ever-increasing demand for high quality services by consumers [2]. The first generation (1G) of
mobile phones invented in the early 1980s provided only voice services based on Advanced Mobile
Phone System. It was based on frequency division multiple access (FDMA) using a bandwidth of
824-894 MHz and speed of 2.4 kbps [2]. It relied solely on 150MHz analog signal and suffered from
poor voice quality, poor handoff, poor battery life and security [3]. The second generation (2G) of
wireless networks employing global system for mobile communication (GSM) surfaced in the late
1980s [4]. These systems utilized digital signals and could provide text and pictorial messages. They
operated in a bandwidth of 30 to 200 KHz. Although they offered improved voice quality and
multimedia message (MMS) services at low speeds they could not handle video content and still

experienced coverage challenges in areas where digital signals were weak.

Third generation (3G) technology which combined Time Division Multiple Access (TDMA) and
GSM emerged in the year 2001 [5]. These systems based on packet switching technology consist of a
core network and radio access network provides CDMA2000, Wideband-CDMA, and World-wide
Interoperability for Microwave Access (WiMax). Third generation networks referred to as universal
mobile telecommunication system (UMTS) offered data services with higher speed, more bandwidth
and faster data rates enabling internet protocol (IP) based applications with video content [6]. Fourth
generation networks which utilized orthogonal frequency division multiple access (OFDMA) in
downlink and single-carrier frequency division multiple access (SC-FDMA) in uplink transmission
were subsequently developed to improve on 3G [7]. The 3rd Generation Partnership Project (3GPP)
defined the standards for Long Term Evolution Advanced (LTE-A) to serve as the 4G standard
besides WiMax [8]. Due to higher data rates, services such as multimedia messaging, video chatting,
and high definition TV content is provided by the 4G based networks. Fifth generation (5G)
networks which are currently under development are aimed at providing ubiquitous and massive
connectivity, high data rates, very low end-to-end latency, higher energy efficiency and efficient
spectrum utilization [9]. Various multiple access schemes such as Non-orthogonal multiple access
(NOMA), massive MIMO, filtered multicarrier waveforms such as generalized frequency division

multiplexing (GFDM), filter bank multicarrier (FBMC), universal filtered multicarrier (UFMC), etc
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are expected to be adopted in implementing 5G technologies [10]. 5G is anticipated to have a vast
range of applications from personal usage in virtualized homes with internet of things (IoTs), reliable
healthcare systems, to large-scale industrial applications in automation (e.g. self-driving vehicles)
and smart grids [11]. An elaborate account summarizing the evolution of wireless networks is
presented in [8]. This work focuses on capacity improvement of 4G and 5G networks. Their

architectures, protocols and challenges are discussed in the sections that follow.

3 Fourth generation (4G) networks

3.1 LTE/LTE-A Architecture

Long Term Evolution (LTE) supports only packet-switched networks in contrast to prior cellular
systems which also employed circuit-switched technology. The architecture comprises of evolved
packet system (EPS) which is responsible for routing IP traffic from a packet data network (PDN) to
UE [12]. Figure 1 shows components of the EPS that include the mobility management entity
(MME), serving gateway (S-GW), eNodeB (eNB) as well as associated interfaces between the nodes.
The eNodeBs are interconnected using the X2 interface and connected to the evolved packet core
(EPC) by S1 interfaces [12]. Although the 3GPP defines standards regarding how resource allocation
can be carried out in 4G networks, operators can implement RA depending on their own
requirements [13]. For instance, the eNB in figure 1 can be employed to implement RA algorithms

for handling user scheduling functions. The RA on the X2 interface is the subject of this work.

Non [(WVE__ R oy v
Access | | NAS | L i ntermet o® ""\ pa—

Stratum Lommm oo ]
i - MIME i
' | MMES |
' v S-Gu e
eNB 1 *1 S-GW A
| RRC ; ) A1 N
e REEREREEEE : RARFARIE R
| ] i SLinterface ' =1 interface
5 PDCP ' ; - :
Access | | ! (i= A | fi. i)
Stratum | | RLC | ‘ =:_;’ “nterfans )
: i : X2 interface . ., ‘di
i MAC ] ] - iy ———-
| , : sy i pec
: ] o
; PHY : e @
I ! LE
Control User
Plarv Plar 5

Fig. 1: 4G LTE/LTE-A architecture [14]
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3.2 LTE-A Protocols
3.2.1 Orthogonal Frequency Division Multiple Access (OFDMA)

In OFDMA systems, both time and/or frequency resources are used distinguish multiple user signals
as shown in figure 2 [15]. LTE-A utilizes OFDMA in downlink to simultaneously assign subcarriers
to users. OFDMA is advantageous as it achieves enhanced spectrum utilization and can easily adapt to
challenging channel conditions without complex time-domain equalization. It can reduce intersymbol
interference (ISI) and is robust against narrow-band co-channel interference [16]. However, OFDMA
also suffers from drawbacks such as sensitivity to Doppler shifts, sensitivity to carrier frequency offset

and drift than single carrier systems.

The following works consider applications RA in OFDMA. An investigation of multi-user diversity
of OFDMA for different scheduling algorithms such as max-rate, proportional fair scheduling, rate
craving greedy algorithm, etc. is performed in [17]. The performance of the algorithms is evaluated
in terms of fairness and throughput. The performance of OFDMA based RA schemes using uniform
and dynamic power allocation in LTE multi-user and multicasting scenarios is considered in [18]. A
joint chunk, power and bit allocation is proposed to solve the RA problem. Optimal power allocation
techniques in OFDMA femtocell networks are developed in [19]. Lagrangian based convex

optimization methods are employed to derive optimized EE solutions.

- User 1
- User 2

User 3

Power

Y
S ]
\\\\V

=
—

OFDMA symbol Subcarrier spacing

duration

Fig. 2: 4G OFDMA architecture [15]

3.2.2 Single Carrier Frequency Division Multiple Access (SC-FDMA)

SC-FDMA also referred to as Discrete Fourier Transform (DFT) spread OFDM has been adopted

by 3GPP as uplink LTE communication method. SC-FDMA utilizes single carrier modulation at the
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transmitter while frequency domain equalization is applied at the receiver [20]. A major advantage
of SC-FDMA over OFDMA in uplink communications is that it has lower peak average power ratio
(PAPR) that helps to prolong UE terminal battery life [21] . A drawback of SC-FDMA is its inherent
contiguity constraint that requires that if a user is to be assigned two or more resource blocks (RBs),
such RBs should be adjacent to each other [22]. This forms part of the investigation of this work.
Figure 3 shows the architecture of SC-FDMA transmission and receiving scheme showing processes
that input data undergoes in SC-FDMA. At the transmitter a baseband modulator converts binary input
to a multilevel sequence of complex numbers followed by a discrete Fourier transform (DFT) process
that produces a frequency domain representation of the input symbols. After the subcarrier mapping
process, steps similar to OFDMA such as cyclic prefix insertion and parallel to serial conversion are
performed before the signal is transmitted through the wireless channel and data recovered in the
receiver by reversing processes carried out at the transmitter. A thorough account of the mechanics

behind SC-FDMA processes is presented in [23].

The following works consider RA in SC-FDMA. QoS based RA in SC-FDMA is examined in [24].
Matching and resource assignment algorithms are applied to different data traffic types, and their
performance analyzed. RA implementing power efficient scheduling in uplink localized SC-FDMA
is addressed in [25]. Mathematically based methods incorporating column-generation are applied
to derive optimal methods. Adaptive RA to maximize sum-rate given proportional rate constraints
in uplink SC-FDMA is addressed in [26]. A Lagrangian based sub-optimal algorithm is proposed.
Channel aware LTE-A uplink RA scheduling algorithm is introduced in [27]. The proposed algorithm
utilizes a user ratio parameter that plays a trade-off between system throughput, fairness and user
throughput based on different channel conditions. Work on RA and power control to alleviate the
effect of interference in device-to-device (D2D) communications in LTE-A uplink networks is outlined
in [28]. RA and power control in SC-FDMA targeting minimum sum-power while satisfying users’
QoS requirements is presented in [29]. Power allocation method for both localized and interleaved
SC-FDMA is then offered. SC-FDMA femtocell based LTE-A uplink network with FUE admission
and interference aware RA is discussed [30]. Joint admission control and RA algorithm and heuristic

algorithm are employed to solve the developed optimization problem.

These works highlight advancements from other LTE applications. A group based uplink RA in
M2M LTE-A communication is explored in [31]. In this scenario, group leaders facilitate the RA
process for members that have data to transmit. In [32], IoT on LTE network is utilized as a backhaul
for IoT based communication and RA algorithm to improve data rate and lower latency is outlined.

Research on various security issues concerning LTE and LTE-A networks is undertaken in [33].



3. FOURTH GENERATION (4G) NETWORKS

T T T, & ™) -
Time domain Frequency domain Time domain
= P + =
— =
Data £ | L = S
in = = tE = > ﬁ =
— T — Sl o § 3 = - 2 = = -
2 |12]]= i= = £l = =
:5' - = - = = s
| |E Z SL)E
& » £

I Fading and @
Path Loss
Resource Allocation

ST

and
Power Allocation Max Total Power
Information
Channel Side

Information

—

= E » l p— * E
Data = ; == s E =
- ) - - ':
out | = = = E = o & =
— S e = e S = = = oy = =
(= - | ] E - - =
=l |= = E = =
'_a:a- = = = 2=
= o e = * &
Time domain Frequency domain Time domain

Fig. 3: 4G SC-FDMA architecture [23]

Challenges with respect to security vulnerabilities existent in architecture and design of LTE/LTE-A
networks are identified and solutions reviewed. The performance of cooperative LTE-A networks
regarding achievable rate in assigned subcarriers and power allocation is evaluated in [34]. A
two-step technique that determines the data rate and then allocates power among subcarriers is
implemented. QoS constrained RA scheduling for an LTE SC-FDMA system is outlined in [35].

Different scheduling approaches aimed at enhancing system throughput are discussed.

Uplink channel and buffer-aware RA algorithm for application in multi-cell LTE-A network is
designed in [36]. Joint subcarrier and power allocation algorithms for SC-FDMA based femtocell
networks is derived in [37]. The optimization problem is formulated with respect to cross-tier
interference, FUE data rate requirements and SC-FDMA constraints. A low complexity sub-optimal
algorithm for subcarrier allocation is then proposed. A study of energy efficient power allocation
considering QoS constraints is done in [38]. After formulating the EE maximization problem, it is
solved using a chaotic particle swarm optimization (CPSO) algorithm. The modification of these

approaches is used in this work.
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3.3 4G Challenges and Mitigation approaches

One of the challenges of 4G networks as identified in [39] is integrating non-IP based and IP based
devices on a single platform and ensuring satisfactory QoS for user applications. Compared to the
previous generations of technologies, there is increasing complexity in infrastructure concerning the
need for multi-mode end-user terminals with corresponding complexity increases in billing systems
due to the heterogeneous nature of 4G networks [40]. There are also concerns regarding the
implementation of security issues to ensure users’ information is protected [41]. The
inter-connectivity and inter-working involved in 4G networks increases their vulnerability. There is a
possibility of incompatible roaming frequencies which may occur as a result of different countries
using different spectrum for 4G applications [42]. Congestion control presents a crucial issue in 4G
networks necessitating the implementation of intelligent admission control and scheduling
methods [40]. In order to access 4G services, multi-mode user terminals must choose their desired
wireless system. The selection process is, however, complicated in 4G heterogeneous networks due
to differences in wireless technologies and access protocols [43]. In summary, capacity improvement
is the main challenge. Common mitigation approaches involve utilizing software defined radio
technologies to scan for available networks. Radio resource allocation and packet scheduling
strategies are crucial in enhancing the performance of OFDMA networks [44]. Works outlining how
RA improves OFDMA performance are subsequently discussed. In [44], energy-efficient random
access procedures and MAC protocols in LTE are also identified as one of the vital strategies of
reducing random access overload that can result in high collision probability and energy wasting. A
combination of network and user-oriented quality of experience (QoE) optimization approaches is
recognized as a promising strategy to tackle QoE issues present in LTE networks. The high capacity
requirements in recent wireless communication networks necessitate a shift towards 5G deployments

involving improved access techniques and RA methodologies.

4 Fifth generation (5G) networks

This work mainly focuses on the capacity improvement of 5G networks through architectural changes

and protocol improvements. These are presented next.

4.1 5G Architecture

There are diligent efforts from network operators to improve the digital landscape by addressing
challenges such as increasing network capacity, energy efficiency, spectrum utilization as well as

offering better scalability for a larger number of connected devices to service the constantly
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increasing mobile data traffic [8]. Stemming from expected trends of user demands in the 5G system,

the IMT-2020 has identified the following broad categories that need to be supported [45].

1. Enhanced Mobile Broadband (eMBB): To provide for enhanced bandwidth, wide-area coverage,
spectral efficiency and signal efficiency in comparison to 4G, the 3GPP has definmed eMBB as
one of the fundamental use cases for the SG New Radio (NR) [46].

2. Ultra reliable and low latency communications (URLLC): The 5G system will be applicable in
mission critical activities such as autonomous driving, emergency services and remote control
that need very low latency requirements. URLLC enables support for stringent latency

requirements (typically in the range of 1ms) for mission critical activities [47].

3. massive Machine Type Communication (mMTC): mMTC are realized through automatic data
communication between intelligent devices with minimal human interaction. —mMTC
deployment will, however, face challenges of high numbers of devices with non-delay sensitive
data. The diversity of mMTC devices will yield a wide range of data traffic patterns which will
put further strain on already constrained spectrum thus making spectrum resource allocation an

uphill exercise [48].

In [49], a two-tier 5G network architecture composed of a radio access network (RAN) and network
cloud is illustrated. The network consists of technologies such as massive MIMO, network function
virtualization (NVF), software defined networks (SDNs) and small cells that enable optimized
network resource utilization for enhanced user quality of experience (QoE). Figure 4 depicts the
implementation of this concepts in a typical 5G network. The feasibility of the recommended
architecture is validated through a proof of concept which is outlined in the work, and important
issues and challenges encountered for 5G implementation discussed. In [50], an SDN based network
is proposed to provide a simplified and unified approach for routing management and mobility in 5G

networks. The characteristics of 5G networks on which this work focuses is presented next.

4.2 Macrocell-Small cell networks

The high quality of service (QoS) requirements expected from cellular networks influenced by the
need for high data rate, low latency and massive connectivity has motivated the concept of cell
densification. The deployment of small cells in cellular networks can help increase throughput and
capacity. Not only do small cells enhance signal reception indoors enabling high quality of service
for various user applications but also facilitates frequency reuse between macrocells and femtocells

resulting in improved network capacity and revenue for the operator [1]. Considering the increased
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Fig. 4: 5G architecture [49]

pressure on limited radio resources and the costly utilization of more bandwidth [51], the deployment
of heterogeneous networks (HetNets) consisting of macrocells and smalls has emerged as an
appealing solution as it enables small cell base stations to be adjacent to mobile user devices. It is
common practice to set up small cells in indoor environments a