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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF PHYSICAL AND APPLIED SCIENCES

Electronics and Computer Science

Doctor of Philosophy

ENERGY-EFFICIENT COOPERATIVE SINGLE-CARRIER
FREQUENCY-DIVISION MULTIPLE-ACCESS

by Jiayi Zhang

A variety of cooperative relaying schemes are designed for the single-carrier frequency-
division multiple-access (SC-FDMA) uplink, when communicating over broadband wireless
channels. Our goal is to reduce the battery power dissipated both by transmission and
signal processing, so that the overall energy-efficiency may be increased. We assume that
there are a number of inactive mobile terminals acting as potential relays, which have either
fixed or time-variant positions in a cell. Our investigations are focused on the optimum
exploitation of all the resources, when considering relay selection, power allocation and
channel-quality-aided adaptive subband allocation. We exploit the benefits of combining the
path-loss reduction and diversity gains arising from both fixed and opportunistic relaying,
user cooperation and from all the propagation paths, as well as from multiple antennas.

Novel frequency-domain equalisation and diversity combining approaches are also conceived.

Specifically, we firstly conceive two single-relay assisted topologies for the sake of exploiting
the achievable cooperative diversity, namely the single-dedicated-relaying (SDR), where each
relay is dedicated to a single user, and the single-shared-relaying (SSR), when a single relay
assists multiple users. In order to eliminate both the multi-user interference and for the sake
of mitigating the noise-amplification imposed by amplify-and-forward (AF) relaying, we pro-
pose an efficient subband-based AF scheme, which is benchmarked against the conventional
AF regime in the context of both the SDR and SSR topologies. Furthermore, by assuming
that the channel state information (CSI) is available at the base station (BS)’s receiver,
a joint frequency-domain equalisation and diversity-combining scheme is proposed for the
sake of increasing the achievable cooperative diversity gain. In this case, when considering
the different number of available relays that are geographically dispersed across a large-scale
environment subject to both path-loss and shadowing, we propose three different dynamic
relay selection schemes, namely single-user relay selection (SU-RS), multi-user relay selec-

tion (MU-RS), and multiple-access relay selection (MA-RS), combined with source/relay
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power allocation in the context of opportunistic cooperation (OC) for the sake of increas-
ing the multi-user system’s throughput. By contrast, when the source-to-destination (S-D)
direct links are of low quality and hence are deemed to be unavailable, we exploit the re-
lays which are roaming within each other’s vicinity in geographically localised manner in
a cluster. Therefore, by assuming that these cooperating relays are capable of exchanging
their channel quality information (CQI), we propose two first-hop-quality-aware (FHQA)
joint dynamic resource allocation (DRA) schemes for opportunistic relaying (OR) based SC-
FDMA uplink, which beneficially combines channel-quality-aware subband allocation with
efficient relay selection. The FHQA joint DRA schemes optimise the multi-user multi-relay
networks relying on whether it is the source-to-relay (S-R) or the relay-to-destination (R-D)
link, which dominates the attainable performance, when the BS’s receiver employs either
single or multiple antennas. Additionally, the benefits of OR are quantified in the context of
interleaver-aided decode-and-forward (DF) relaying for transmission over correlated fading
channels. Therefore, the length of the interleavers combined with channel coding may be
shortened. As a result, we benefit from a reduced interleaving delay and/or from a total

transmit power reduction.

In comparison to the benchmark schemes considered in the literature, the reliability and

energy-efficiency of our proposed systems are significantly improved.



Declaration of Authorship

I, Jiayi Zhang, declare that the thesis entitled

Energy-Efficient Cooperative Single-Carrier Frequency-Division

Multiple-Access

and the work presented in it are my own and has been generated by me as the result of my

own original research. I confirm that:
1. This work was done wholly or mainly while in candidature for a research degree at
this University;

2. Where any part of this thesis has previously been submitted for a degree or any other

qualification at this University or any other institution, this has been clearly stated;
3. Where I have consulted the published work of others, this is always clearly attributed;

4. Where I have quoted from the work of others, the source is always given. With the

exception of such quotations, this thesis is entirely my own work;
5. I have acknowledged all main sources of help;

6. Where the thesis is based on work done by myself jointly with others, I have made

clear exactly what was done by others and what I have contributed myself;

7. Parts of this work have been published, as seen in the list of publications.

Signed:

Date:

vil






Acknowledgements

There are many people I would like to acknowledge for making my experience in the Uni-

versity of Southampton one of the most important and rewarding periods of my life.

First of all, I would like to express my heartfelt gratitude to my first supervisor Professor
Lajos Hanzo for his outstanding supervision. It would simply not have been possible to
produce this thesis without his extremely generous and friendly support throughout my PhD
career. His guidance, inspiration and encouragement have greatly benefited me; especially
his generous investment of time and energy deserve my utmost acknowledgement. Most

importantly, I would like to thank him for his invaluable friendship.

Meanwhile, I especially appreciate my second supervisor Professor Lie-Liang Yang for his
friendly support and engaging in intensive and inspiring discussions throughout my research.
I deeply grateful to him for nurturing me with great patience and enthusiasm on the long
path to fruition. I also wish sincerely to thank him for his encouragement and for his

kindness to cultivate me not only in research but also in life.

Furthermore, I am also greatly beholden to other colleagues within our Communications
Lab. Many thanks to Professor Sheng Chen, Dr. Soon Xin Ng, Dr. Robert Maunder, Dr.
Nan Wu, Dr. Wei Liu, Dr. Wei Fang, Dr. Mohammed El-Hajjar, Dr. Rong Zhang, Dr.
Lingkun Kong, Dr. Li Wang, Dr. Du Yang, Dr. Dongxiao Wu, Dr. Tingting Liu, Dr. Peng
Pan, Dr. Wang Yao, Dr. Hong Chen, Chen Dong, Shaoshi Yang, Jiankang Zhang, Jing
Zuo and Kent Cheung, etc., for their discussions during my research, all of their warm and
sincere help will not be forgotten. I am also deeply indebted to my friends both in and
outside Southampton, too many to mention. Their sincere friendship makes my life in the

UK become rich and colourful.

Additionally, financial support from the Virtual Centre of Excellence in Mobile and Personal
Communications, Ltd. (Mobile VCE), including that of Engineering and Physical Sciences
Research Council, United Kingdom (EPSRC, UK) is gratefully acknowledged.

Finally, I want to express my immense and never-ending gratefulness to my admirable
parents Min Zhang and Hong Zhang as well as my grandparents for their endless love and
unconditional support. Special thanks also to my relatives in China for their care and love

to me.

ix






List of Publications

Journal Papers:

1. Jiayi Zhang, Lie-Liang Yang and Lajos Hanzo, “Energy-Efficient Dynamic Resource
Allocation for Opportunistic Relaying Assisted SC-FDMA Using Turbo Equaliser
Aided Soft Decode-and-Forward”, submitted to IEEE Transactions on Vehicular Tech-
nology.

2. Mohammad Kadir, Shinya Sugiura, Jiayi Zhang, Sheng Chen and Lajos Hanzo,
“OFDMA/SC-FDMA Aided Space-Time Shift Keying for Dispersive Multi-User Sce-

narios”, submitted to IEEE Transactions on Vehicular Technology.

3. C. Han, T. Harrold, I. Krikidis, I. Ku, T. A. Le, S. Videv, Jiayi Zhang, S. Armour,
P. M. Grant, H. Haas, Lajos Hanzo, M. R. Nakhai, J. S. Thompson and C. X. Wang,
“Green Radio: Radio Techniques to Enable Energy Efficient Wireless Networks”, in
IEEE Communications Magazine Special Issue: Green Communications, vol. 49, no.

6, pp. 46-54, Jun. 2011.

4. Jiayi Zhang, Lie-Liang Yang and Lajos Hanzo, “Energy-Efficient Channel-Dependent
Cooperative Relaying for the Multiuser SC-FDMA Uplink”, in IEEE Transactions on
Vehicular Technology, vol. 60, no. 3, pp. 992-1004, Mar. 2011.

Conference Papers:

1. Jiayi Zhang, Lie-Liang Yang and Lajos Hanzo, “Frequency-Domain Turbo Equalisa-
tion in Coded SC-FDMA Systems: EXIT Chart Analysis and Performance”, accepted
by Proceedings of 2012 IEEE 76th Vehicular Technology Conference (VT'C 2012-Fall),
3-6 September, 2012, Québec City, Canada.

2. Jiayi Zhang, Lie-Liang Yang and Lajos Hanzo, “First-Hop-Quality-Aware Dynamic
Resource Allocation for Amplify-and-Forward Opportunistic Relaying Assisted SC-
FDMA?”, accepted by Proceedings of 2012 IEEE Interference Conference on Commu-
nications (ICC 2012), 10-15 June 2012, Ottawa, Canada.

xi



xii LIST OF PUBLICATIONS

3. Jiayi Zhang, Lie-Liang Yang and Lajos Hanzo, “Power-Efficient Opportunistic Amplify-
and-Forward Single-Relay Aided Multi-User SC-FDMA Uplink”, in Proceedings of
2010 IEEE 71st Vehicular Technology Conference (VITC 2010-Spring), 16-19 May
2010, Taipei, Taiwan.

4. Jiayi Zhang, Lie-Liang Yang and Lajos Hanzo, “Multi-User Performance of the
Amplify-and-Forward Single-Relay Assisted SC-FDMA Uplink”, in Proceedings of
2009 IEEE 70th Vehicular Technology Conference (VTC 2009-Fall), 20-23 Septem-
ber, 2009, Anchorage, Alaska, USA.



List of Symbols

General notation

e The superscript * is used to indicate complex conjugation.
e The superscript T is used to indicate matrix transpose operation.
e The superscript  is used to denote the complex conjugate transpose operation.

e The superscripts * and  are used to denote the signal processed in the time-domain

(TD) and frequency-domain (FD), respectively.

e The superscripts ! and © are used to indicate the inner and outer bit streams in

concatenated channel coded systems, respectively.

e The superscripts 5, ® and P are used to represent the signal at the source, the relay

and the destination, respectively.

SD7 SR and RP

e The superscripts are used to indicate the transmisstions from the source

to destination, source to relay and relay to destination, respectively.
e The notation £ denotes the U-length symbol vector of x.
e The notation & denotes the cyclic prefix (CP) aided symbol vector of z.
e The notation & represents the estimate of x.
e The notation T indicates the mean of z.
e The notation j represents the selected relay j.
e The notation k represents user k waiting for resource assignment.

e The notation fJQC, J and M represents the ordered set of the user, the relay and the

subband group, respectively.

e The notation IC%Z-, m; denotes the user k and subband group m in the sets K and M

with ordering index %, respectively.
e The notation R{-} represents the real part of a complex symbol.
e The notation ¥{-} is the imaginary part of a complex symbol.

xiii



xiv LIST OF SYMBOLS

Special symbols

A, a Circulant influence matrix and element of desired signal.

b Source bit stream.

¢ Encoded bit stream.

Ey Bit energy.

E5 Symbol energy.

e, e Estimated error vector and the minimum mean-square error (MMSE).

e, A vector in which the i-th element is 0 for ¢ # n, while the n-th element of the (-)-part

is 1.

F(-), f(-) Cumulative distribution function (CDF) and probability density fuction (PDF),

respectively.
Fn Normalised N-point discrete Fourier transform (DFT) matrix.
H, h, h Channel fading coefficient matrix, vector and one of its element.
G Instantaneous relaying gain including shadowing.
G, g Set of average channel attenuations and one of its elements.
Iy The (N x N)-element indentity matrix.
I The number of iterations of turbo frequency-domain equalisation (FDE).
i The ordering index.
J, 7 Number of (candidate) relays and the index of (candidate) relay.
d Set of relays.
K, k Number of active users and the index of a specific user.
X Set of users.
L, | Number of paths and the index of a path in the channel impulse response.
L, L Log-likelihood ratio (LLR).

M, m Bandwidth expansion factor (the number of subband groups) and the index of a

subband group.

M Set of subband groups.



LIST OF SYMBOLS XV

M Number of constellation points in quadrature amplitude modulation (QAM)
Ny Noise power spectral density.

N, n Size of DFT (the number of symbol elements per SC-FDMA symbol) and the index

of an element.
Ny, ne Number of antennas at the BS and the antenna index.
Np, np Number of information bits per frame and the bit index.
N¢, ne Number of encoded bits per frame and the index of an encoded bit.
Ng, ng Number of modulated symbols per frame and the symbol index.
Ny, ny Number of SC-FDMA symbols per frame and the SC-FDMA symbol index.
Nybs nep Number of resource blocks (RB) per frame and the RB index.
Nyv Number of resource vectors (RV) (SC-FDMA symbols in the FD) per RB.

n(t) The continuous-time representation of the complex-valued additive white Gaussian

noise (AWGN) contaminating the received signal.
n The discrete-time expression of complex-valued AWGN contaminating the received signal.
N Noise power.

O Computational complexity function expressed in terms of the order of the number of

operations/comparisons
P, P Subband allocation matrix and its element.
P Transmitted power.
Pges Desired signal power.
Post Combined estimated signal power.
Pis1 Inter-symbol-interference (ISI) power.
() Bits per symbol.
R, Auto-correlation matrix of y.
R, Cross-correlation matrix of y and .
Rin Auto-correlation matrix of the interference-plus-noise.

RN Auto-correlation matrix of the noise.



xvi LIST OF SYMBOLS

r Received symbol vector.

s Transmitted symbol vector.

t Time index.

U The number of subcarriers/subbands in the system.

W Total transmission bandwidth.

W, w and w Weight matrix, vector and coefficient.

z, x Symbol vector and one of its elements processed in the transmitter.
Y, y Symbol vector and one of its elements processed in the receiver.

2z, z Symbol vector and one of its elements after equalsation or detection in the receiver.
« Power sharing factor.

B, 3 Amplification matrix and factor.

v Signal-to-noise ratio (SNR) or signal-plus-interference-to-noise ratio (SINR).
I' Set of SINRs.

’yﬁ The power reduction of SNR per bit.

0 Normalised distance fraction.

e Power control error (PCE).

¢ Energy consumption per bit.

n Pathloss exponent.

0 Phase shift imposed by the fading.

% Ricean fading factor.

¢ Log-normal shadowing effect.

o Standard deviation.

o¢ Standard deviation of shadowing.

o Standard deviation of PCE.

0% Variance of AWGN.

7 Channel’s multipath delay.



Contents

Abstract v
Declaration of Authorship vii
Acknowledgements ix
List of Publications xi
List of Symbols xiii
Contents xvii
1 Introduction 1
1.1 Motivation - A Green Radio Perspective . . . . . . .. ... ... ... .... 1
1.2 Overview - A Cooperative Communication Framework . . . . . ... ... .. 2
1.2.1  Multiple-Input Multiple-Output Systems . . . . . ... ... .. ... 2

1.2.2 Relay-Assisted Transmission and Cooperation . . . . . . . . ... ... 2

1.2.3 Cooperative Relaying Protocols . . . . . . .. ... ... ... .. ... 3

1.2.4 Multi-Relay Aided Cooperative Networks . . . . . ... .. ... ... 4

1.2.5 Signal Processing at the Relay . . . . .. ... ... ... ... ... )

1.2.6 Relay-Assisted Resource Allocation . . . . . . . .. ... ... ..... 6

1.2.7 Relay Access Types in LTE-Advanced . . . . . ... ... ... .... 7

1.3 Organisation of the Thesis . . . . . . . .. .. .. ... .. ... ..., 7
1.3.1 Key Aspects . . . . . . o 8

1.3.2 Outline and Contributions . . . . . . . .. . ... ... ... ...... 8

2 Preliminaries 13
2.1 Orthogonal Frequency-Division Multiplexing . . . .. .. .. ... ... ... 14
2.1.1 OFDM System Structure . . . . .. .. .. ... ... ... ... 14

2.1.2  Transmitted OFDM Signals . . . . . ... ... .. ... .. ...... 17

2.1.3 Detection of OFDM Signals . . . . .. ... ... ... ... ..... 18

2.1.4 Advantages and Disadvantages of OFDM . . . . . ... ... ... .. 19

2.2 Single-Carrier Frequency-Division Multiple-Access . . . . .. ... ... ... 20
2.2.1 Transmitter of Time-Domain SC-FDMA . . . . . .. ... ... .... 20

2.2.2  Transmitter of Time-Frequency-Domain SC-FDMA . . . . .. ... .. 26

2.2.3 Receiver of Time-Frequency-Domain SC-FDMA . . ... .. ... .. 31

2.2.4 Expression of the Signal-to-Interference-plus-Noise Ratio . . . . . . . . 33

2.2.5  Comparison of OFDMA and TFD SC-FDMA Schemes . . . . . .. .. 34

2.3 Bit-Interleaved Coded Modulation Using Iterative Decoding . . . . . . . . .. 36

Xvil



xviii CONTENTS

2.3.1 BICM Encoding . . . . . . . . . .. e 37
2.3.2 TIterative Decoding of BICM . . . . . . .. .. .. ... ... ...... 38
2.3.2.1 Distribution of the BICM Decision Variables . . . . .. . .. 39

2.3.2.2  Tterative Joint Demapping and Decoding Mechanism . . . . 39

2.3.2.3 Logarithmic-Likelihood-Ratio of SISO Demapper . . . . . . . 40

2.3.2.4  Soft-Estimation of the Transmitted Symbol . . . . . . . . .. 41

2.4 SUmMmMAary . . .o oL . e 41

3 Single-Relay Assisted Amplify-and-Forward

Cooperative SC-FDMA Uplink 45
3.1 Imtroduction . . . . . . . . . . . 45
3.2 System Models for Relay Assisted Cooperation . . .. .. ... ... ..... 47
3.2.1 Transmitted Source Signal . . . . . . . ... ... L L. 47
3.2.2 The BS’s Received Signal via Direct Branch . . . . . .. ... ... .. 50
3.2.3 Single-Dedicated-Relaying . . . . . .. ... ... ... 50
3.2.4 Single-Shared-Relaying . . . . . .. .. ... ... 0 52

3.3 Cooperative Strategies at the Relay . . . . . . . . . .. .. ... ... ..... 53
3.3.1 Conventional AF Relaying . . . . . . . ... ... ... ... ..... 53
3.3.1.1 Conventional AF and SDR Aided BS Reception . ... ... 53

3.3.1.2 Conventional AF and SSR Aided BS Reception. . . . . . .. 54

3.3.2 Subband-Based AF Relaying Combined with Subband Remapping . . 55
3.3.2.1 Subband Remapping for AF SDRs . . . . .. ... ... ... 55

3.3.2.2 Subband Remapping for AF SSRs . . . . .. ... ... ... 57

3.4 Frequency-Domain Equalisation for Cooperative Branches at BS Receiver . . 57
3.4.1 MMSE FDE of the Source-Destination Direct Branch . . . . .. ... 58
3.4.2 MMSE FDE of the Conventional AF Relaying Branch . . . . . .. .. 59
3.4.3 MMSE FDE of the Subband-Based AF Relaying Branch . . . . . . .. 60
3.4.4 Time-Domain Equal-Gain Combining . . . . ... .. ... ... ... 61

3.5 Simulation Results and Discussions . . . . . .. .. .. ... L. 64
3.5.1 Performance of Single-Relay-Assisted Cooperative SC-FDMA . . . . . 64

3.6 Summary . . ... e 69

4 The Opportunistic Amplify-and-Forward Cooperative SC-FDMA Uplink 71

4.1 Introduction . . . . . . . .. 71
4.2 Relay Assisted SC-FDMA System Model . . . . . . .. ... ... ... .... 75
4.2.1 Transmitted Signal of Source MT . . . . . . .. .. .. .. ... .... 75
4.2.2  Channel Modelling and Assumptions . . . . . . . . ... ... ..... 76
4.2.3 Relaying Models . . . . . .. .. o 77
4.3 Signal Detection . . . . . . . ... 79
4.3.1 Representation of Received Signal at the BS . . . . . . ... ... ... 79
4.3.2 MMSE assisted Joint FDE and Combining . . . . .. ... ... ... 80
4.3.3 Relationships of the MMSE, SNR and SINR . .. ... ... ..... 82
4.4 Energy Consumption Metrics . . . . . . . . ... Lo oo 83
4.5 Opportunistic Cooperation Invoking Power Allocation . . . . .. ... .. .. 85
4.5.1 Source/Relay Power Allocation . . . . ... ... ... ... ...... 85
4.5.2 Single-User Relay Selection . . . . ... .. ... ... ... ..... 86

4.5.3 Multi-User Relay Selection . . . . ... .. ... ... ... ...... 87



CONTENTS Xix
4.5.4 Multiple-Access Relay Selection . . . . . . . . ... ... ... ... .. 88

4.5.5 Relay Selection Examples . . . . .. .. ... ..o 89

4.5.6 Power Allocation and Relay Selection Complexity . . . ... ... .. 90

4.6 Simulation Results and Discussions . . . . . . . .. .. ... L. 90
4.6.1 BER of Fixed AF Single-Relay Aided Cooperation . . . . .. ... .. 91

4.6.2 BER of Power Allocation and Relay Location . . . . .. ... ... .. 92

4.6.3 BER of Imperfect Power Control . . . . . .. ... ... ... ..... 97

4.6.4 BER of Relay Selection Combined with Power Allocation . . . . . .. 98

4.6.5 Capacity of Opportunistic Cooperation Invoking Power Allocation . . 100

4.6.6 Energy-Efficiency of Opportunistic Cooperation Subject to Shadowing 103
4.7 SUMMATY . . . o o e e e e e e e 105
5 First-Hop Quality-Aware Dynamic Resource Allocation

for the Opportunistically Relayed SC-FDMA Uplink 109
5.1 Introduction . . . . . . . . . L 109
5.2  Opportunistic Relaying for SC-FDMA System Model . . . . . . ... .. ... 112
5.2.1 Scope and Assumptions . . . . . . ... 112
5.2.2  Source MT’s Transmitter Model . . . . . . ... .. ... ... .... 113
5.2.2.1 Transmitted Signals of Source MT . . . . ... ... ... .. 113

5.2.2.2  Localised Subband Mapping Invoking Subband Allocation . 115

5.2.3 Relay Models . . . . . . . .. 116
5.2.3.1 Signal Reception at the Relay . . . . ... ... ... .... 116

5.2.3.2 Transmitted Signal of the Relays . . . . . .. ... ... ... 116

5.2.3.3  Amplify-and-Forward Protocol . . . . . ... ... ... ... 117

5.2.3.4 Decode-and-Forward Protocol . . .. .. .. .. ... .... 117

5.2.4 Signal Representation at the Multi-Antenna Aided BS Receiver . . . . 119
5.2.4.1 AF Signal Received at the BS . . . . ... ... ... .... 120

5.2.4.2 DF Signal Received at the BS . . . ... ... ... ..... 120

5.2.4.3 Receiver Diversity Combining . . ... . ... ... ... .. 121

5.2.4.4 Frequency-Domain Equalisation . . . .. .. ... ... ... 122

5.3 Dynamic Resource Allocation for Opportunistic Relay . . . . . .. ... ... 123
5.3.1 Channel Quality Information . . . . ... ... ... ... ... .... 126
5.3.2 Relaying Frame Structure . . . . . . . .. .. ... 127
5.3.3 Static Subband Allocation Combined with Dynamic Relay Selection . 128
5.3.3.1 DRS-SSA Algorithm . . . . . ... ... ... ... ..... 129

5.3.3.2 An Example of DRS-SSA . . . . ... ... ... ....... 130

5.3.4 Conventional Dynamic Resource Allocation . . . . ... ... ... .. 130
5.3.4.1 DRS-DSA Algorithm . . . ... ... .. ... ... ..... 131

5.3.4.2 An Example of DRS-DSA . . . . . .. ... ... .. ..... 133

5.3.5  FHQA Joint Dynamic Resource Allocation Approach-1 . . . ... .. 134
5.3.5.1 FHQA JDRA-1 Algorithm . ... ... ... ... ...... 135

5.3.5.2 An Example of FHQA JDRA-1 . .. ... ... ....... 137

5.3.6 FHQA Joint Dynamic Resource Allocation Approach-2 . . . ... .. 137
5.3.6.1 FHQA JDRA-2 Algorithm . ... ... ... ... ...... 139

5.3.6.2 An Example of FHQA JDRA-2 . .. .. ... ... ..... 139

5.3.7 Comparison of Resource Allocation for Opportunistic Relaying . . . . 141

5.4 Simulation Results and Discussions . . . . . . . . . . . . . ... 142



XX CONTENTS
5.4.1 Energy Efficiency Evaluation . . .. ... ... .. ... .. ...... 143

5.4.2 BER of DRA Aided AF-OR Experiencing Uncorrelated Fading . . . . 144

5.4.3 BER of DRA Aided DF-OR Experiencing Uncorrelated Fading . . . . 147

5.4.4 Energy-Efficiency of DRA Aided OR over Uncorrelated Fading Channels150

5.4.5 BER of DF-OR vs. Interleaver Length over Correlated Fading Channels151

5.4.6 BER of DRA versus the Number of Users and Relays . . . . ... .. 152

5.4.7 Complexity of DRA aided OR . . . ... ... ... ... . ...... 153

5.5 SUMMATY « . o v e e e e e e e 154

6 Conclusions and Future Work 157
6.1 Summary of Findings . . . . . . . . . ... L 157
6.1.1 Chapter 1 . . . . . . . . . 157

6.1.2 Chapter 2 . . . . . . . . . 158

6.1.3 Chapter 3 . . . . . . . . . 159

6.1.4 Chapter 4 . . . . . . . . . 160

6.1.5 Chapter b . . . . . . . . . e 161

6.2 Suggestions for Future Work . . . . . .. ... ... L 162
6.2.1 Relay-Assisted Multi-Cell Resource Allocation . . . . ... ... ... 162

6.2.2 Link-Quality-Aware Relay-Assisted Network Optimisation . . . . . . . 163
Glossary i
Bibliography v
Author Index xxiii
Index xxxiii



Chapter

Introduction

1.1 Motivation - A Green Radio Perspective

During the last decade, the worldwide growth in both the number of mobile subscribers and
their demand for increased data-rate mobile broadband services provided further impetus
for the mobile telecommunication operators to improve both the capacity and the reliability
of cellular networks. Hence, they have been upgraded from the second generation (2G) to
the third generation (3G) globally. As a result, the operating expenditure (OPEX) has
been substantially increased owing to the increase price and quantity of electricity and
diesel fuel [1]. Hence the operators have to pay an increased energy bill, which additionally
results in excessive carbon dioxide (CO2) emissions. New air interfaces, such as the Third
Generation Partnership Project’s (3GPP) Long Term FEvolution (LTE) [2] have also been
rolled out in several countries. However, the subscribers are rather unwilling to accept
the increased operating costs of smart phones and tablet personal computers, let alone
a reduced battery pre-charge time [3,4]. Ultimately, the information and communication
technology (ICT) sector has its responsibility in terms of both environmental protection
and sustainable development. The ’'Green Radio’ concept, which is also referred to as
"Grreen Communications’, leads to a new avenue of research towards energy-efficient mobile
wireless communication architectures and techniques in both the academic and industrial

communities [1,4,5].

Energy-efficient solutions have been investigated in terms of many different components of
wireless communication systems, such the base station (BS) cell cite as well as the entire
network architecture. However, since the issues of BS site energy savings are beyond the
scope of our study, we focus our attention on the power reduction at the equipment level

and across the network level. To elaborate a little further, innovation at the mobile terminal

1
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(MT) and BS equipment level is related not only to the radio frequency (RF) front-end and
to the power supply, but also to the digital signal processing at the baseband. Hence, we
focus our attention on designing power efficient signal processing solutions conceived for
various air interface techniques [6-14]. Furthermore, in the classic radio access networks, a
direct link is constructed for both the uplink and downlink. Naturally, the wireless signal
is subjected to path-loss, shadow fading as well as to fast fading. The deleterious effects
of these propagation phenomena may be mitigated with the aid of distributed antennas,

relay-assisted user cooperation as well as BS cooperation [15-20].

1.2 Overview - A Cooperative Communication Framework

1.2.1 Multiple-Input Multiple-Output Systems

Since the pioneering work of Shannon [21] in 1948, researchers have endeavoured to improve
the capacity integrity, and quality-of-service (QoS) of wireless communications. However,
the channel capacity of conventional single-input single-output systems is severely limited by
the logarithmic low of C' = Blog,(1+ SNR). As a remedy, multiple-antenna aided systems
have been conceived [22,23]|. The single-input multiple-output (SIMO) architecture employs
a single transmit antenna and multiple receive antennas for uplink transmission, while the
multiple-input single-output (MISO) architecture invokes multiple transmit antennas and a
single receive antenna for downlink transmission. Upon combining the SIMO and MISO
architectures, we arrive at the multiple-input multiple-output (MIMO) concept relying on

diverse multi-antenna aided systems [24-31].

The most valuable bandwidth used for mobile communications lies in the range of 700 MHz
to 3.8 GHz [32]. In order to guarantee the independent fading of the physical wireless
channels at multiple antennas, a sufficiently high minimum distance has to be maintained
between the adjacent antennas, which is not practically feasible, given the limited size of the
MT. However, most of the benefits of MIMO techniques, such as the provision of a transmit
diversity gain attained by space-time coding [26,27,29] or the space-frequency coding [30],
as well as the multiplexing gain provided by the Bell Laboratories Layered Space-Time
(BLAST) architecture [25], are beyond our reach in the context of the MTs..

1.2.2 Relay-Assisted Transmission and Cooperation

The conventional relaying technique known from the classic telegraph simply repeats a weak
signal received at the end of a long wire-section in order to extend the coverage. Similarly,

the relay of a wireless backhaul is capable of amplifying a weak signal in order to compensate
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TABLE 1.1: Hlustration of TDD relaying protocols for the three-terminal fading relay chan-
nel of [40] over two time-slots (TSs), constituted by the source (S), relay (R) and destination
(D), each of which employs a single antenna. The notation ’A—B’ denotes the signals trans-

mitted from terminal A to terminal B.

Protocol I | Protocol II | Protocol II1
TS-1: broadcast phase S—R, D S—R, D S—R
TS-2: relay/cooperation phase || S—D, R—D R—D | S—D, R—D
Equivalent model MIMO SIMO MISO

for the path-loss effects during radio propagation. A three-terminal communication channel
model was introduced by van der Meulen et al. in [33,34], which includes a source node that
transmits information, a destination node receiving the signal, and a relay node which both
receives and transmits information for the sake of enhancing the attainable performance of
communications between the source and destination nodes. Forty years later, this concept
of relay-assisted transmission has been adopted by the 3GPP-LTE Advanced standard for

commercial employment [35,36].

With the aid of relaying, the so-called ’user cooperation’ concept relying on ’antenna shar-
ing’ and relaying was proposed by Sendonaris et al. in 1998 [37], which was then further
developed by Laneman and Wornell in 2000 [38]. The basic idea in the context of cellular
systems is that a MT may be assigned by the BS to assist another MT as a cooperating
partner, where the cooperating MT may relay the source information and additionally it
may also transmit its own information to the destination [39]. Note that the source and
the destination might be the BS or another MT, depending on whether uplink or downlink

transmissions are considered.

Furthermore, user cooperation allows the collaborative MTs to be distributed across the ter-
rain and may be able to achieve a power reduction by reducing the path-loss. Furthermore,
it is capable of eliminating the spatial correlation of shadow fading, since the cooperative
MTs are typically selected to be at geographically separated locations. Ultimately, user co-
operation is capable of achieving substantial gains by providing the following benefits [39]:
(1) achieving an improved energy/power efficiency; (2) increasing the attainable system

throughput; (3) improving the cell-edge coverage; (4) guaranteeing a given QoS; etc.

1.2.3 Cooperative Relaying Protocols

As mentioned in Section 1.2.1, user cooperation may be regarded as a specific manifestation
of a virtual or distributed MIMO scenario, where the cooperating single-antenna-aided MT's
may be treated as the external antennas of cooperating partners [40,41]. Therefore, user co-

operation is capable of providing a cooperative diversity gain in the form of spatial diversity,
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(a) Serial multi-relay network

Relays Relays YARN
MT BS MT 7\ BS
JARN
JARN
(b) Parallel multi-relay network (c) Generalised multi-relay network

F1GUurE 1.1: Topologies of multi-relay aided cooperative networks for single-user uplink
transmissions

since the destination may receive the replicas of signal via both the direct- and relay-aided
links. According to [40], the classic three-terminal fading relay channels may be converted
into equivalent MIMO, SIMO and MISO channel models with the aid of the different time-
division-duplex (TDD) relaying protocols of Table 1.1, respectively. For example, a typical
virtual SIMO channel may be constructed, where the source broadcasts the signal both to
the relays and to the destination during the first time slot, namely broadcast phase; then
the relays may forward the signal during the second slot, namely during relay/cooperation
phase. The outage probability results of [40] indicated that the maximum attainable spacial
diversity can be achieved by certain protocols, when employing appropriate power control

amongst the cooperating MTs.

1.2.4 Multi-Relay Aided Cooperative Networks

Based on the number of relays invoked by the system, cooperative relaying schemes may be

classified as follows.

Serial multi-relay network: In [42], serial multi-relay aided transmissions as shown in
Figure 1.1(a) were investigated by forwarding the source’s signals with the aid of either
multi-hop relaying or multi-hop cooperation, depending on the absence or presence of
cooperative diversity combining at each hop. Clearly, the advantage of multi-hop
cooperation is the additional diversity gain attained as a benefit of having several
independently fading signal paths, which further improves the path-loss reduction

induced relying gains.
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Parallel multi-relay network: By contrast, in the context of parallel multi-relay assisted
transmissions as shown in Figure 1.1(b), the signals are forwarded with the aid of multi-

branch cooperation for the sake of maximising the achievable diversity order [43,44].

Generalised multi-relay network: Observe in Figure 1.1(c), a combination of both multi-
hop relaying and multi-branch cooperation was examined in [45] as a generalised co-
operative scheme aiming for both relaying-aided path-loss reduction and for diversity

gain.

Considering the system implementation, the serial multi-relay network is suitable for further
extending the cellular coverage, however this is done on the expense of increasing the delay
and decreasing the throughput. By contrast, the parallel multi-relay network may be use
to beneficially increase the network capacity without coverage extension. Although the
generalised multi-relay network inherits the advantages of both serial and parallel multi-

relay networks, the network architecture design is complicated.

1.2.5 Signal Processing at the Relay

Furthermore, there are two main transmission modes operated at the relays, namely the
amplify-and-forward (AF) mode and the decode-and-forward (DF) mode [46].

Amplify-and-forward: The AF relays simply normalise and amplify the signals received

from the source prior it is transmission to the destination.

Decode-and-forward: In parallel, the DF relays firstly detect, demodulate and decode
the source’s signals; after hard- or soft-decision the bit stream is then encoded and

re-transmitted.

Other types of relaying, such as the so-called compress-and-forward [47], detect-and-forward
or demodulate-and-forward [48] techniques may be regarded as modified transmission modes
of the AF and DF modes. Generally, the AF relays jointly increase both the signal power
and the noise power. By contrast, DF relays are capable of eliminating the effects of noise,
provided that the source’s signals are decoded without error. However, at low signal-to-
noise-ratio (SNR), they often result in decoding error propagation, which degrades the
bit-error rate (BER) performance at the destination. In order to mitigate the effects of
error propagation, the DF relays are also capable of carrying out soft-decisions rather than
hard-decisions, where the soft-information is forwarded [49]. A more sophisticated solution
is constituted by coded-cooperation [50-52] as a form of enhanced DF relaying, which allows

the joint design of forward-error-correction (FEC) coding of both the source’s and the relay’s
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information [53]. In this scenario, the presence of the direct link in the distributed coding
aided cooperative network may provide additional gains by improving the error-correction

capability for the sake of near capacity operation [54].

1.2.6 Relay-Assisted Resource Allocation

The orthogonal frequency-division multiplezing (OFDM) [55] based 3GPP-LTE air-interface,
such as the orthogonal frequency-division multiple-access (OFDMA) downlink scheme and
the single-carrier frequency-division multiple-access (SC-FDMA) uplink [2,35], conveniently
facilitate near-instantaneous adaptive multi-user scheduling and subcarrier allocation, de-
pending on the channel state information (CSI) of the subcarriers, when communicating
over frequency-selective fading channels [56-59]. Compared to classic single-hop transmis-
sions, optimising radio resource allocation for relay-assisted dual-hop transmissions involves
more substantial technical challenges, especially, when considering both multiple users and
multiple relays sharing the resource in terms of time, frequency, space and power, leading to

the cross-layer operation problems [60-62].

Naturally, the availability of inactive mobiles as candidate relays has the potential of mit-
igating the effects of fading. The activation of multiple relays results in cooperative or
selection diversity in the spatial-domain, which transforms the relay selection problem into
a multi-relay scheduling scenario reminiscent of multi-user scheduling. Relay selection may

be carried out in numerous ways.

Static relay selection assigns the relays for the entire duration of a session, hence the

achievable gains depend on the velocity of the cooperating nodes!.

Random relay selection appoints the relays stochastically without relying on any chan-

nel knowledge, but in this case only a limited gain may be attained.

Distance-dependent relay selection is capable of maximising the relaying-aided path-

loss reduction by appointing relays in the optimum locations [63, 64].

Channel-dependent relay selection monitors the instantaneous channel conditions, in-
cluding the associated path-loss, shadowing and multi-path fading effects. Therefore,
both relaying-aided path-loss reduction and a diversity gain may be achieved. This
kind of relaying scheme is also known as opportunistic relaying (OR) [16,65-67].

!The relays having higher velocity communicate over the fading channel with lower time-correlation. In
this case, the SRS within a session benefits from time-diversity gain over a high correlated fading channel
but it may also suffer from poor channel quality over a low correlated fading.
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Furthermore, the selection diversity may be achieved also in the frequency-domain (FD) with
the aid of beneficial subcarrier allocation and power allocation schemes. The optimisation

cost-function, may be the channel gain, the SNR, the spectral efficiency, etc.

Subcarrier allocation allows the different users’ signals to be assigned to the most appro-
priate subcarriers or to a subcarrier-group in the LTE system [68-72]. In the context
of relay-assisted OFDM systems, the joint optimisation of the subcarrier allocation
of all hops is desirable, namely that of the source-to-relay (S-R) link, of the source-
to-destination (S-D) link and of the relay-to-destination (R-D) link in the dual-hop

scenario. This was also referred to as subcarrier pairing in [73-79].

Power allocation determines the total transmit power of the individual users’ signals
shared by the source and the multiple relays subject to the total power constraint
[80-82]. In [74-76], the power allocation was also jointly optimised with the sub-
carrier allocation subject to a specific maximum power constraint at the individual
nodes, while striking a trade-off between the cost, the complexity and the achievable

performance.

1.2.7 Relay Access Types in LTE-Advanced

In the LTE-Advanced system, which is also known as LTE Release 10, the relays may be
operated in two different access modes [35,83]. The so-called Type-I relays, which possess
their own cell identifier, are capable of supporting the MTs with the aid of similar functions
to those of the BS in order to improve the cell-edge coverage, when the direct link between
the BS and the MTs is of low quality. By contrast, the Type-II relays do not have their
own cell identifier and hence do not offer BS-like functions. Their main function is that of
creating cooperative relaying links between the BS and the MTs for the sake of achieving
cooperative diversity. However, the relays satisfied by the current LTE-Advanced standard

were designed to form part of the fixed infrastructure, hence they are stationary.

1.3 Organisation of the Thesis

As part of the LTE Release 8 air-interface [2], SC-FDMA inherits numerous advantages
of OFDMA when communicating over broadband wireless channels. However, as a single-
carrier modulation scheme, SC-FDMA signalling is capable of additionally maintaining a
low peak-to-average power ratio (PAPR) in comparison to the OFDM-style multi-carrier
modulation schemes. Because of the advantage relying on low PAPR, the SC-FDMA is

suitable for the uplink transmission. The above-mentioned user cooperation schemes may



8 INTRODUCTION

be also introduced into the relay-assisted SC-FDMA systems. We generally assume the
inactive or idle MTs are capable of acting as candidate relays. In this thesis, we conceive a

range of energy-efficient cooperative SC-FDMA uplink solutions.

1.3.1 Key Aspects

For the sake of achieving a power reduction, our solutions consider three main aspects.

Cooperative networking: The cooperative SC-FDMA uplink will be evaluated in the
context of diverse network topologies in comparison to the conventional single-hop
scenario. In Chapter 3, we will conceive the so-called single-dedicated-relaying (SDR)
topology, where each relay is dedicated to a single user. By contrast, when a single
relay assists multiple users, we refer to the network as a single-shared-relaying (SSR)
topology. Furthermore, these single-relaying topologies may be invoked in diverse ap-
plication scenarios, depending on the number of potential cooperative relay candidates
within the network. In Chapter 4, we will investigate the family of opportunistic co-
operation (OC) systems, both with and without sufficient relays for supporting all
the actively communicating users. A generalised OR network will be introduced in

Chapter 5, for exploiting the benefits provided by flexible relay resource allocation.

Resource allocation: The family of cooperative SC-FDMA systems will be studied in
order to achieve either frequency-selection diversity, as discussed in Chapter 3 and
Chapter 4 or for attaining multi-user diversity, as explored in Chapter 5. When the
relays are geographically distributed, Chapter 4 considers both the relay selection and
power allocation issues in the presence of path-loss, shadowing and multi-path fading.
By contrast, when the relays are assumed to be geographically localised, in Chapter
5, we will jointly optimise the dynamic subband allocation and relay selection of dual-
hop SC-FDMA transmissions by exploiting the knowledge of both the first-hop channel
quality and of the buffering delay of the channel decoder.

Signal processing: In Chapter 3, various subband-based AF schemes are designed for SC-
FDMA for supporting multiple users. In Chapter 4, diversity combining will be in-
trinsically amalgamated with frequency-domain equalisation (FDE) for both the direct
and the relay channels. In Chapter 5, opportunistic relays operating either in the AF

or the DF mode will be designed, which rely on frequency-domain turbo equalisation.

1.3.2 Outline and Contributions

Figure 1.2 illustrates the dependencies among all chapters in terms of the above-mentioned

aspects. The outline and novel contributions of this thesis are summarised as follows:
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FIGURE 1.2: Structure of the thesis

Chapter 2: In this chapter, the underlying fundamentals of this thesis are introduced. In

Section 2.1, we commence with the basic principles of OFDM as the preliminaries
of SC-FDMA. Furthermore, we present a rudimentary introduction to SC-FDMA,
commencing by introducing the single-carrier modulation philosophy invoking FDE.
Based on the SC-FDE scheme, the conventional time-domain (TD) signal generation
of SC-FDMA is studied in Section 2.2.1. Then in Section 2.2.2 we introduce the
time-frequency-domain (TFD) signal generation scheme of SC-FDMA, referred to as
discrete Fourier transform (DFT)-spread OFDMA. Then in Section 2.2.3, the signal
reception and equalisation techniques of SC-FDMA are detailed. Additionally, the
bit-interleaved coded modulation (BICM) philosophy using iterative decoding (ID) will
be briefly introduced.

Contribution 1: An unied treatment of the principle of SC-FDMA is offered. The
relationship between the TD and the TFD signal generation of SC-FDMA is detailed,
by considering both the localised FDMA (LFDMA) [84] and the interleaved FDMA
(IFDMA) [85] schemes. Finally, the similarities and dissimilarities, advantages and
weaknesses of the LFDMA, IFDMA and OFDMA systems are compared.

Chapter 3: This chapter characterises two single-relay assisted SC-FDMA AF based co-

operative strategies employed for multi-user uplink transmissions over multi-path fad-
ing channels. For the sake of exploiting the benefits of cooperative diversity, we in-
vestigate both the above-mentioned SDR as well as SSR topologies, and propose a
subband-based AF scheme combined with subband remapping, which is benchmarked

against the conventional AF regime in the context of both the above-mentioned relay-
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ing topologies. Our simulation results show that cooperative diversity is beneficial for
both SDR and SSR, both in the absence as well as in the presence of multi-path diver-
sity. More importantly, the proposed subband-based AF scheme is capable of attaining
a multi-user performance, which is better than that of the conventional single-user AF
protocol operating in a multi-path environment.

Contribution 2: Two single-relay assisted cooperative SC-FDMA network topologies
are proposed for different application scenarios. The power-efficient subband-based AF
relay scheme is designed for the SC-FDMA. The proposed solutions are capable of
achieving a beneficial multi-path diversity gain, while eliminating the multi-user in-
terference and suppressing the effects of AF-induced noise imposed on the multi-user

multi-relay networks.

Chapter 4: In this chapter we exploit the benefits of combining the diversity gains aris-
ing from cooperation, multiple propagation paths and from the OC of multiple users.
Our goal is to improve the energy-efficiency of the AF relay-assisted SC-FDMA uplink,
where the opportunistic cooperating relay considered may support a single user or may
be shared by multiple users communicating over dispersive channels subject to large-
scale fading. Based on the proposed amalgam of single-tap FDE and a diversity com-
bining aided receiver relying on the minimum mean-square error (MMSE) criterion,
three different relay selection schemes, namely single-user relay selection (SU-RS),
multi-user relay selection (MU-RS), and multiple-access relay selection (MA-RS), are
investigated, when combined with source/relay power allocation, which employ imper-
fect power control.

Contribution 3: A joint frequency-domain equalisation and combining scheme is
proposed and analysed, when combining the signals from both the direct and relaying
links.

Contribution 4: When encountering both the ubiquitous propagation path-loss and
shadowing, both significant relaying-aided path-loss reductions and selection diversity
gains are attainable by the proposed optimal power allocation (OPA) aided relay se-
lection schemes. The practicability and feasibility of various power allocation schemes
are discussed in the light of their computational complexity.

Contribution 5: An energy-efficiency analysis of cooperative SC-FDMA system is of-
fered. The proposed systems are capable of reducing the required signal-to-interference-
plus-noise ratio (SINR), which in turn results in a significantly increased multi-user
throughput. As a result, the attainable energy-efficiency is improved, when the relays

are geographically dispersed in a shadowing environment.

Chapter 5: In this chapter, we exploit the benefits of the diversity gains arising from a

cluster of opportunistic relays and from the independently fading subcarriers of multi-
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ple users. Our goal is to improve the energy-efficiency of the AF or DF aided OR based
SC-FDMA uplink, where the direct transmission link is unavailable. We proposed two
joint dynamic resource allocation (DRA) schemes, operating under the assumption
that the pilot aided channel quality information (CQI) of all the users may be ex-
changed. Furthermore, we take two important aspects into account, namely what we
refer to as first-hop quality awareness (FHQA), which improves the attainable gain of
DRA aided OR and buffering delay awareness, which is particularly important in the
context of interleaver-aided FEC coded systems.

Contribution 6: Any potential extra selection diversity is explored for the sake of
reducing the transmit power required and/or for improving the attainable system per-
formance, while assuming that all the multiple relays are geographically localised in
a cluster. The FHQA aided joint DRA schemes optimise the multi-user multi-relay
networks depending on whether it is the S-R or the R-D channel quality, which dom-
inates the attainable performance, when the system invokes either single or multiple
antennas at the BS receiver.

Contribution 7: The benefits of opportunistic relaying combined with DSA are quan-
tified in the context of interleaver-aided DF relaying for transmission over correlated
fading channels. Therefore, the length of the interleavers combined with FEC may be
shortened. As a result, the reduced interleaving delay and/or the total transmit power
also provide additional energy savings.

Contribution 8: Qur investigations of opportunistic relaying involve two advanced
FDE schemes. The MMSE based FDE in the principle of successive interference
cancellation (SIC) [86,87] is invoked for uncoded SC-FDMA transmissions relying on
AF relays, while the MMSE turbo FDE relying on the turbo equalisation in [88-90] is
employed for BICM aided SC-FDMA systems invoking either AF or DF relays. The

performance benefits of both single- and multi-antenna aided BS receivers are quanti-

fied.

Chapter 6: In this final chapter, the conclusions of our investigations are presented, fol-

lowed by a variety of suggestions for future research.






Chapter

Preliminaries

In this chapter, the underlying fundamentals of this thesis are introduced. These cover
three major aspects, namely orthogonal frequency-division multiplexing (OFDM) [55], single-
carrier frequency-division multiple-access (SC-FDMA) [91] as well as bit-interleaved coded

modulation (BICM) [92] schemes.

Initially, the OFDM fundamentals will be briefly introduced in Section 2.1. We will demon-
strate that by invoking the discrete Fourier transform (DFT) and the inverse discrete
Fourier transform (IDFT), as well as cyclic prefix (CP), etc the OFDM receiver’s com-
plexity may be beneficially reduced, despite communicating over frequency-selective fading

channels.

Furthermore, in Section 2.2 we will present a rudimentary introduction to SC-FDMA, com-
mencing by introducing the single-carrier modulation philosophy, invoking frequency-domain
equalisation (FDE) [93,94]. Then, the approaches conceived for generating SC-FDMA sig-
nals are addressed in Section 2.2.1. Both the localised FDMA (LFDMA) scheme relying
on a specific contiguous frequency-domain (FD) subband of carriers and the interleaved
FDMA (IFDMA), which maps a specific user’s bits to subcarriers that are far apart, are
analysed [95]. Both the LFDMA and IFDMA have their advantages and disadvantages.
Simultaneously achieving the advantages of LFDMA and IFDMA constitutes a challenge,
unless two different transmitter structures are implemented in parallel, hence increasing the
cost. We will carefully map the modulated symbols to the most appropriate subband in the
FD. This subband mapping technique is similar to the corresponding process of orthogonal
frequency-division multiple-access (OFDMA) [56]. This results in an efficient hybrid scheme,
referred to as DFT-spread OFDMA [96], which will be introduced in Section 2.2.2. We will
demonstrate that DFT-spread OFDMA is capable of generating the SC-FDMA signals both
LFDMA and IFDMA signals, or even their combination with the aid of appropriate subband

13
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mapping. Furthermore, the signal reception and equalisation techniques of SC-FDMA will
be studied in Section 2.2.3.

In Section 2.3, we will study BICM, which is a joint channel coding and modulation scheme.
Specifically, BICM using iterative decoding (ID) [97,98] will be introduced in Section 2.3.2.

Finally, we will summarise this chapter in Section 2.4.

2.1 Orthogonal Frequency-Division Multiplexing

When communicating over broadband channels imposing frequency-selective fading, conven-
tional single-carrier modulation based systems require high-complexity time-domain (TD)
equalisers having a large number of taps, in order to suppress the inter-symbol interference
(ISI) due to time-dispersion. However, this disadvantage can be overcome by the family of
multi-carrier modulation techniques, such as OFDM which was originally introduced in [99].
In the context of multi-carrier communications, the original bit stream is divided into nu-
merous low-rate substreams transmitted in parallel, which are mapped to subcarriers or
subchannels. When using a high number of substreams, each subchannel becomes suffi-
ciently narrow compared to the coherence bandwidth of the channel. Therefore, the signal
transmitted over each non-dispersive subchannel experiences frequency-flat fading. As a re-
sult, the ISI of each FD substream becomes lower and a low-complexity FD equaliser having
a single tap may be employed [100]. However, this parallel transmission scheme would po-
tentially require a bank of modulators and demodulators operating in parallel. Fortunately,
it was shown in [101] that this problem may be circumvented by employing the DFT and
the IDFT operations, which carry out the modulation/demodulation in a single step. More
explicitly, the implementation complexity of OFDM is significantly lower than that of the
parallel banks of modulators and the demodulators/equalisers. A plethora of further OFDM
system improvements, such as various combinations of OFDM and code-division multiple-
access (CDMA), leading to multi-carrier CDMA systems have been investigated in [55,102].
In this section, we briefly review the basic principles of OFDM as the preliminaries of SC-
FDMA.

2.1.1 OFDM System Structure

We consider a single-user OFDM system employing N subcarriers. The block diagrams of
the OFDM transmitter /receiver are shown in Figure 2.1. Let us describe each block as

follows.

BICM and BICM-ID: The principles of BICM and BICM-ID will be provided in Section
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FIGURE 2.1: Block diagram of baseband OFDM system

2.3.2. Specifically, the bit stream b° is encoded, interleaved and modulated to generate
the quadrature amplitude modulation (QAM) based symbol frame in the transmitter of
Figure 2.1(a). Let the symbols to be transmitted by the i-th symbol block be expressed
as z'[i], which is a N-length vector. At the receiver, the BICM decoder carries out the
symbol-to-bit demapping, deinterleaving and channel decoding, in order to generate
the bit stream b° from the equalised symbol frame containing the i-th equalised symbol

vector 2![i] for i = 0,1, -

S/P and P/S converter: The serial-to-parallel (S/P) converter of Figure 2.1(a) converts
the serial symbol stream into N parallel symbols hosted in the i-th vector. By contrast,
the parallel-to-serial (P/S) converter of Figure 2.1(a) converts the N parallel elements
in the i-th symbol vector into a N-times higher-rate serial symbol stream, for ¢ =
0,1,--.
parallel by DFT and IDFT.

The S/P and P/S converters facilitate the processing of the serial symbols in

DFT and IDFT: The N-point DFT matrix Fy is given by !

1 1 1
- 21 . 2m(N—1
- 1|1 exp(—i%) exp <—J %) 22
N=—"F= .
2m(N—1 27(N—1)(N—-1
1 exp (—jiﬂ(N )) exp <—37ﬂ( ]\2( ))
Let {x(0),z(1),--- ,z(N — 1)} be an N-length sequence, then the DFT and IDFT are defined as [102)]
e 2mn'n
DFT: X[n'] = T ZO exp( ~ ) n' =01, ,N—1; (2.1a)
-1
IDFT:  z[n] T Z: "l exp ( 2’;3 ") n=01,--,N—1 (2.1b)



16 PRELIMINARIES

which is an orthonormal matrix, satisfying the property FNFX = FEFy = Iy.
Furthermore, we have

Fy =Fx. (2.3)
Multiplying the vector zf by F % implements the IDFT, as also seen in Figure 2.1(a).

Insert and remove CP: In the DFT/IDFT aided multi-carrier system of Figure 2.1 ex-
periencing linear time invariant (LTI) multi-path fading channels, the linear convo-
lution between the channel’s input sequence, i.e. the transmitted signal containing
z'[i] for i = 0,1,--- after P/S conversion, and the discrete-time channel impulse re-
sponse (CIR) associated having a finite number of taps L, results in ISI between each
consecutive serial data sequences z'[i] and z'[i + 1] represented in the TD. One so-
lution to this problem is to insert a CP, which copies the last Lop > L samples, i.e.
{alv_Loplils T popyalils - s 2y [i]}, from the end to the beginning of the serial se-
quence z'[i]. This is required, because the inherent assumption facilitating DFT-based
demodulation is that the received TD signal is periodic - at least for the duration of the
channel’s memory. A theoretically less well justified alternative method of mitigating

the IST is known as zero-padding (ZP) [100,103].

Pulse shaping and matched filtering: In order to improve the spectral efficiency of the
OFDM modulated signals, typically a pulse shaping technique using a raised-cosine
filter is adopted at the transmitter. Let us assume that () represents a TD signalling
waveform defined over the interval of [0,T) satisfying the normalisation condition
of fOTw P2(t)dt = Ty. Since each DFT block transmits N samples, the duration of
each sample is given by T, = T//N, where T" denotes the OFDM block duration.
Furthermore, the band-limited transmitted pulse 1(¢) is convolved with the CIR ¢(t)
and the matched filter ¢*(—t) at the receiver, resulting in the effective received pulse
given by the convolution of ©(t) % ¢(t) * ¢*(—t) prior to sampling, as seen in Figure
2.1(b). Naturally, the Nyquist criterion [104] must be satisfied by the sampling of the
effective received pulse for the sake of avoiding ISI between consecutive samples of the

received signal.

Channel and equalisation: When the above-mentioned CP is employed and when it is
sufficiently long, the self-interference of the OFDM symbol and the ISI between a pair
of consecutive OFDM symbols is mitigated. Let the L-path CIR be expressed as

L—1
h(t) =Y hid(t —IT,), (2.4)
=0

where hj is the gain of the I-th resolvable path for [ = 0,1,---,L — 1. Then, after
sampling, the channel matrix in the TD may be represented by a (N x N)-element
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FIGURE 2.2: Transmitter schematic diagram of OFDM

circulant matrix given by [102]

hg 0 . 0 hth1 htL,Q L. h‘i
ht hi - 0 0 Rt | - hY
H'=|nt , -« bt by 0 - 0 b, |, (2.5)
hth1 h‘é htl hf) 0 0
L 0 0 o gy oy, o Y hg

which has the property that H' = FYH'Fy, where H' = diag{hl,nl,---  nl;_,}.
Therefore, after applying the DFT-based detection operation at the receiver and hav-
ing in mind that IDFT-based modulation was applied at the transmitter, the equivalent
FD channel transfer function (FDCHTF) can be represented as a (N x N)-element

diagonal matrix given by
H' = FyH'FIL = diag{hi,nt,--- 0l ). (2.6)

Consequently, in OFDM systems, a low-complexity single-tap equaliser is required.
As a benefit of the DFT/IDFT operation, the high complexity TD convolution-based
equalisation may be replaced by the FD subcarrier-by-subcarrier based multiplication
operation in a linear time-invariant system. Therefore, the computational complexity

is significantly reduced.

2.1.2 Transmitted OFDM Signals

For mathematical convenience, complex baseband equivalent signals are considered [102].

Observe in Figure 2.2 that

f f _f f T
r = [anxla"' ’fol] (27)
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FIGURE 2.3: Receiver schematic diagram of OFDM

represents the FD data symbol vector, namely an OFDM symbol. Upon applying the N-
point IDFT to zf, the N-element transmitted TD OFDM symbol becomes

xt = [zb, 2t 2l )T = Fyal, (2.8)

where Fy is given by Eq. (2.2). After inserting the CP of length Lcp, we have

St t

r = [xSV—Lpr%'SV—LCp—f—la e 7'7;57 Ty, 71.5V—1]T7 (29)

which has a length of (N + Lcp). Finally, ' is transmitted on a sample-by-sample basis
after pulse shaping.

2.1.3 Detection of OFDM Signals

The detailed principles of OFDM can be found in [55,105]. When communicating over
frequency-selective Rayleigh fading channels, the N-element complex baseband equivalent

received observations y' seen in Figure 2.3 may be expressed as [102]
y = H'Fllz] 4 n' (2.10)

after removing the CP and S/P conversion, where H® is given by Eq. (2.5). Furthermore, n'
denotes a complex-valued additive white Gaussian noise (AWGN) vector, whose entries obey
the complex Gaussian distribution with a zero mean and a variance of 01%, which is denoted
by CN(0, Jl%). As shown in Figure 2.3, following the S/P conversion, y' is transformed to
the FD by applying the N-point DFT operation, yielding

y' = H'z! + Fyn', (2.11)

where the diagonal matrix Hf was given in Eq. (2.6).
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Assuming that perfect channel estimation is available, then, decision variables representing

the N transmitted symbols may be formed as
2f = (HHYT H'z" + nf (2.12)

f

where n! = (HH)HFyn', which has a zero mean and a covariance matrix o3 H (HH)H.

Explicitly, the decision variable for the n-th element of zf is given by
2 = B 2], + 1, (2.13)

based on which the estimate of the transmitted symbol can be obtained.

2.1.4 Advantages and Disadvantages of OFDM

The OFDM signalling technique has the following advantages. Firstly, the ISI can be signif-
icantly mitigated with the aid of relatively low signal processing complexity at the receiver.
Secondly, in OFDM signalling, using overlapping but orthogonal subcarriers leads to an in-
creased spectral efficiency [100]. Thirdly, the FD channel fluctuations may be accommodated
by invoking subband-based adaptive modulation in OFDM, where each subband of parallel
subcarriers may be modulated using a FDCHTF-dependent number of bits, depending on
the signal-to-noise ratio (SNR) of the individual subbands. As a result, the throughput of
OFDM systems may be increased with the aid of adaptive modulation.

However, it is a disadvantage that in the absence of channel coding, the OFDM system
is incapable of achieving diversity. When channel coding, such as BICM, is applied on an
individual subcarrier basis, the system may achieve a certain time-diversity gain as a benefit
of channel coding and interleaving, but no frequency-diversity may be attained, unless the
same symbol is transmitted several times by mapping it to independently fading subcarriers,
which have to reside outside the channel’s coherent bandwidth. A better way of achieving
frequency-diversity for OFDM is to exploit coding and interleaving applied right across all
the subcarriers [106].

However, owning to transmitting multiple signals in parallel, OFDM signalling also has some
disadvantages. Firstly, due to the superposition of a high number of modulated subcarrier
signals, a high peak-to-average power ratio (PAPR) may be exhibited [55]. The PAPR
problem imposes substantial challenges on the practical design of power amplifiers, which
have a limited linear range. In case of non-linear amplification, the resultant high out-
of-band harmonic distortion power may contaminate the adjacent channels, when the TD
signal evolves from a low-power waveform to a high-power waveform [55]. Diverse techniques

of PAPR reduction have been investigated widely in the literature [107-112]. A beneficial
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low-complexity technique is based on employing a so-called block-coding technique [113],
where some of the subcarriers do not convey useful data - instead, they are simply set to a
value, which reduces the peak-power. Secondly, a further impediment of OFDM is that it

is very sensitive to frequency offset and time offset [100].

2.2 Single-Carrier Frequency-Division Multiple-Access

Above, we have shown that multi-carrier modulation has some advantages over the con-
ventional single-carrier modulation, but suffers from the above-mentioned PAPR problem.
Naturally, single-carrier modulation having a significantly lower PAPR is more suitable for
partial uplink transmissions compared to multi-carrier modulation, since the battery-size of
the mobile terminal (MT) is limited, hence requiring power-efficient non-linear amplifiers.
In order to take advantage of the benefits of both single-carrier and multi-carrier modula-
tion, the single-carrier received signal may be transformed to and equalised in the FD with
the aid of the IDFT and DFT operations. This arrangement is referred to as single-carrier
modulation relying on frequency-domain equalisation (SC-FDE) [93,94,114]. Furthermore,
by combining the SC-FDE and FDMA principles, SC-FDMA may rely either on TD or on
FD signal generation [115]. The important development mile-stones of SC-FDMA are shown
in Table 2.1. The FD signal generation approach, namely that of DFT-spread OFDMA, has
been adopted by the Third Generation Partnership Project’s (3GPP) - Long Term FEvolu-
tion (LTE) initiative [2] as well as by its advanced version (LTE-Advanced) [35,83,116,117]
for the SC-FDMA based uplink transmissions within the fourth generation (4G) wide area

cellular broadband wireless systems.

In this section, we review the principles of SC-FDE and SC-FDMA. Two types of SC-FDMA
schemes are considered. In the first type, the signals in the transmitter are only processed in
the TD, which is hence referred to as TD processing aided SC-FDMA, or TD SC-FDMA for
short. By contrast, in the second type of SC-FDMA, the signals in transmitter are processed
in both the TD and FD with the aid of the DFT/IDFT. Hence, this type is referred to as
TFD SC-FDMA for the sake of distinction.

2.2.1 Transmitter of Time-Domain SC-FDMA

The schematic of the SC-FDE system [94, 134] is shown in Figure 2.4. At the transmitter
of Figure 2.4(a), let the data symbols be divided into N-symbol block expressed as z]i,
i =0,1,---. Then, each block z[i] is transmitted in a conventional serial fashion in the
TD within a duration of 7T5. In order to suppress the ISI between symbol blocks at the

transmitter, as shown in Figure 2.4(a), a CP is inserted between a pair of successive symbol
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TABLE 2.1: Major contributions on SC-FDE and SC-FDMA techniques

Year || Authors

Contributions

Sari et al. [93]

discussed the OFDM signalling limitations and inherent problems of

1995 OFDM emphasised the benefits of SC-FDE for digital TV broadcasting.
Clark [118] proposed adaptive frequency-domain equalisation and diversity combining.
1998 || Sorger et al. scheme proposed the original TD interleaved FDMA (IFDMA) signal
[85,95] generation scheme, while the receiver invokes equalisation in the TD.
Galda et al. [96] proposed the DFT-spreading aided OFDM scheme, which can be combined
with FDMA as the TFD signal generation of IFDMA, while the
receiver invokes linear equalisation (LE) and detection in the FD.
Falconer et al. discussed the SC-FDE arrangement using FD LE or TD
2002 || [94] decision feedback equaliser (DFE)The comparison between SC-FDE and
OFDM systems and their coexistence were addressed.
Benvenuto et al. proposed the block-wise hybrid DFE structure for single-carrier system by
[119] using a FD feedforward filter and a TD feedback filter, and
compared it to the OFDM system.
92003 Gusmao et al. investigated the CP-assisted SC-FDE as well as diversity combining and
[120] provided both numerical results and the analytical performance bound.
Wang [121] compared OFDM to SC-FDE systems using either ZP or CP over
frequency-selective fading channels, and considered the PAPR, power
2004 amplifier back-off, carrier frequency offset impact, as well as the performance
versus complexity for both uncoded and coded transmissions.
Dinis et al. [122] proposed a FD single-carrier signal generation scheme, which is
equivalent to the OFDM-FDMA using the DFT-spreading of [96].
2005 Benvenuto et al. proposed a block-wise DFE, where both the feedforward and the feedback
[123,124] filters were implemented in the FD relying on the MMSE criterion.
Myung et al. generalised the DFT-spread OFDM scheme of [96] by combining both the
[125,126] IFDMA and the localised FDMA (LFDMA) solutions, PAPR comparisons
2006 of IFDMA, LFDMA and of OFDMA signals were provided.
Lim et al. investigated the various types of multi-user scheduling schemes conceived
[127,128] for SC-FDMA systems.
Frank et al. [129] reviewed and discussed the IFDMA principle as a combination of OFDMA
2007 as well as CDMA and compared IFDMA, LFDMA, OFDMA
as well as the single-carrier or the multi-carrier CDMA schemes.
Myung et al. [91] a book on the topic of SC-FDMA design for LTE uplink combined with
92008 beamforming, multi-user scheduling and PAPR evaluation.
Berardinelli et al. | investigated multi-user scheduling schemes designed for SC-FDMA
[130-132] in comparison to OFDMA in LTE-Advanced scenarios.
Adachi et al. [133] | investigated the various combinations of SC-FDE with
FDMA, CDMA, and a so-called block-spread CDMA. A hybrid
single-carrier delay-time aided CDMA scheme was proposed.
Adachi et al. [134] | overviewed the various SC-FDE schemes and introduced the over-lapped
2009 FDE and fractionally spaced FDE. An interference cancellation technique
was invoked in order to mitigate the residual ISI. Further topics relying on
MIMOs and channel estimation were also addressed.
Yang [102] investigated the subband allocation in SC-FDMA and discussed
the trade-off between achieving a frequency diversity gain and
mitigating the residual ISI.
Choi et al. [135] investigated multi-level BICM designed for SC-FDE.
Yune et al. [136] combined iterative multi-user detection (MUD) with FDE within
2010 the SC-FDMA framework and improved the power/spectral efliciency.
Benvenuto et al. historically reviewed the various non-linear FDE schemes in the context
[114] of SC-FDE and SC-FDMA.
2011 Zhang et al. proposed novel low-complexity FD DFE structures for SC-FDE
[137,138] systems and multi-user SC-FDMA systems.
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FIGURE 2.4: Block diagram of classic SC-FDE system

blocks. Hence, the duration T3, includes the duration of the CP. At the receiver side, as
shown in Figure 2.4(b), the TD observations are firstly transformed to the FD with the
aid of the DFT block, where the FDE is invoked. Then, the results are converted to the
TD again using the IDFT of Figure 2.4(b), where the transmitted symbols are detected.
When comparing the OFDM schematic of Figure 2.1 to Figure 2.4, we can see that in
OFDM transceivers, the transmitter relies on the IDFT-based modulator, while the receiver
invokes a DFT-based demodulator. By contrast, in the SC-FDE of Figure 2.4, both the
IDFT and DFT are required at the receiver. More explicitly, given the low PAPR and
the low-complexity single-tap FDE of SC-FDMA, we exploit the fact that the IDFT/DFT

operations facilitate moderate-complexity transformations between the TD and FD.

According to Figure 2.4, after the CP was removed and following the N-point DFT opera-

tion, the FD received observation vector may be expressed as
£ t ot t
y =FnyH'z"+ Fpyn'. (2.14)

Since the channel matrix obeys the circulant property of H* = FXH'F y, Eq. (2.14) may be
rewritten as y' = H'z' + n!, where H' represents an (N x N)-element diagonal FD channel
matrix given by Eq. (2.6), while ' = Fyzt and nf = Fynt. Similar to OFDM, a single-tap
FD equaliser may be employed in each subband. Finally, the resultant FD equalised symbol
vector z! is transformed by the N-point IDFT to the estimated TD decision variable vector

representing the IV transmitted symbols, which may be expressed as
2t = FEWHH 2! + FHEW Hpl, (2.15)

Finally, the BICM-ID decoder of Figure 2.4(b) is invoked for channel decoding. Note that
in Eq. (2.15) the FDE weight-matrix W is a diagonal matrix, since H' is diagonal.

Again, we assume the perfect knowledge of FDCHTF H' available at the BS’s receiver. In
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TABLE 2.2: Comparison of OFDM and SC-FDE systems

OFDM | SC-FDE
Implementation Similar, DFT/IDFT-aided, SC-FDE transmitter is simpler.
ISI Similar, non ISI by using CP
Complexity Similar, lower than that of the TD equaliser
Modulation Multi-carrier Single-carrier
Transmission Parallel Serial
Symbol duration N times per subcarrier Unchanged
Bandwidth 1/N per subcarrier | 1/N per subband at receiver
Frequency offset Sensitive Less sensitive
Against deep FD fading Week Robust
Bit/power loading Frequency-selective adaptation Not applicable

the SC-FDE, various FDE approaches may be employed based on diverse criteria. When
the matched-filtering (MF), zero-forcing (ZF) or the minimum mean-square-error (MMSE)
criterion is employed, the equaliser-weight matrix W may be expressed as [102,133,134].

H, MF-FDE
w={ (H) !, ZF-FDE , (2.16)
-1
[Hf(Hf)H +1Iy|  Hf, MMSEFDE

where ¥ = P/o% denotes the average SNR. It can be seen from Eq. (2.15) and Eq. (2.16)
that the symbols within z* interfere with each other, when invoking the MF- and MMSE-
based FDE (MF-FDE, MMSE-FDE) schemes, which results in a residual ISI. By contrast,
the residual IST is completely eliminated by the ZF based FDE (ZF-FDE), but as a price,
the noise may be amplified by a factor of 1/ hfb, when a deep FD fade is encountered in the
n-th subband, for example. As a benefit, the MMSE-FDE strikes a trade-off between the

residual 1ST suppression and noise enhancement imposed on 2* [102,133].

The differences between the OFDM and SC-FDE transceiver structures lead to different
features during signal transmissions. For example, the data detection of the SC-FDE receiver
depends on the FDCHTF of all the subbands, hence any deep fade of a specific subband
may be mitigated. By contrast, in OFDM, individually applying the data detection on
a per subcarrier basis may result in decision errors for the subcarrier symbols suffering
from deep FD fading. Furthermore, the SC-FDE signal cannot readily invoke adaptive bit-
and power-loading depending on the subchannel qualities. By contrast, adaptive bit- and
power-loading is feasible in OFDM, since the bit-to-symbol mapping may be carried out on
a per-subcarrier basis after S/P conversion at the transmitter. In summary, we compare the
features of OFDM and SC-FDE in Table 2.2 [91].

Above the SC-FDE scheme has only been considered in the context of single-user transmis-

sion. Let us now focus our attention on multi-user FDMA scenarios. In order to support
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FIGURE 2.5: Transmitter schematic of the TD SC-FDMA signalling scheme. The corre-
sponding waveforms are seen in Figure 2.6.
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FIGURE 2.6: An example of transmitted signal waveforms of the TD SC-FDMA signalling

systems using (a) LEFDMA and (b) IFDMA, respectively. Both the systems have a block

duration of T, with a symbol duration of Ty and the chip duration of IFDMA is T, =

Ts/M = T,/4. The system may support K < M = 4 users. The corresponding spectrum
are seen in Figure 2.7.

K users in the uplink, two TD signalling schemes using SC-FDE have been considered by
the 3GPP-LTE standardisation body [139,140], namely the localised FDMA (LFDMA) and
the interleaved FDMA (IFDMA) schemes. Let us assume that the symbol duration is 7.
Then, the duration of a SC-FDE block is T, = NTg, when each SC-FDE block contains N
symbols. As shown in Figure 2.7, we assume that the symbol rate is B = 1/T;. Hence,
if the total system bandwidth is M B, the maximum number of users supported becomes
K = M. Let us now detail the operational principles of the LFDMA and IFDMA schemes
using SC-FDE.

TD localised FDMA [84,139]: The transmitter schematic of the TD LFDMA is shown
in Figure 2.5(a), which is the conventional FDMA-based SC-FDE. The transmitted
TD signal waveform of LEFDMA is shown in Figure 2.6(a). The signals of different
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FIGURE 2.7: An example of band-conversion and bandwidth-expansion for the TD SC-
FDMA systems using (a) LFDMA and (b) IFDMA, respectively. Both the systems have a
total bandwidth of M B = 4B, with a symbol rate of B for supporting K < M = 4 users.

users are transmitted in different frequency bands associated with different carriers.
Specifically, the k-th user’s signal is conveyed by the k-th subband with a bandwidth
of B Hz, as shown in Figure 2.5(a). As shown in Figure 2.7 (a), in order to guarantee
the orthogonality between different users’ signals, a guard band is inserted between

two adjacent bands.

TD interleaved FDMA [85,95]: The corresponding transmitter schematic is shown in
Figure 2.5(b). In contrast to the above-mentioned TD LFDMA signalling, which
allocates localised frequency bands to each of the users, the idea behind the TD IFDMA
scheme is to disperse each user’s signal equidistantly to N distributed subbands, each
having a bandwidth of B/N Hz, which are equally distributed across the entire system
bandwidth of M B Hz, as shown in Figure 2.7 (b). Therefore, each user still occupies
B Hz and the system is capable of supporting a maximum of K = M users. Observe
in the TD IFDMA transmitter of Figure 2.5(b) that the original N symbols of user k
having a symbol duration T are first compressed into N chips with a chip duration
of Ty/M. Then, the k-th user’s resultant N-chip segment is repeated M times, while
being subjected to the user-specific phase rotation factor of k /T, for k = 0,1,--- | K—1.
As shown in Figure 2.6(b), the resultant symbol vector having a duration of T} is
denoted as & [i], which contains U = M N chips, namely N chips from each of the K
users. Finally, the u-th, u =0,1,--- ,U — 1, chip in &}[i] is expressed as

e exp [y

0, else,

2rmNAE Lt 1 i = mN +n
} kol ’ (2.17)

form = 0,1,--- ,M —1 and n = 0,1,--- , N — 1, where z}_ [i] represents the n-th
symbol of the i-th symbol vector z}[i] of user k. Finally, the different users’ signals can

be transmitted orthogonally using the same carrier frequency. It can be shown that if
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each of the K users transmits its signals in the form of Eq. (2.17), the received signal
vector will be de-spread with the aid of the user-specific phase de-rotation vector [85].
Hence, applying the DFT to transform the TD signal to the FD, it may be expressed
in the form of Eq. (2.14), which is beneficial, because it is capable of employing FDE.

Both the TD LFDMA and IFDMA schemes characterised in Figure 2.6 have their advantages
and disadvantages. The main advantage of TD LEDMA which is explicitly shown in Figure
2.6(a) is that the different MTs map each user’s signals to different carrier frequencies
using different timing, hence synchronisation is not necessary, which facilitates asynchronous
uplink communications. However, using guard bands reduce the spectral efficiency of the
LFDMA. Additionally, the LFDMA system may not achieve frequency-diversity, if each
user’s signal is a narrow-band signal. By contrast, the TD IFDMA system characterised in
Figure 2.6(b) transmits different users’ signals at the same carrier frequency in conjunction
with user-specific phase rotation. However, accurate timing should be guaranteed. Hence, it
requires tight synchronisation in the uplink, which constitutes a challenge for MTs roaming
at different distances and at a high speed. However, as a benefit, the IFDMA system does not
require a guard band between the adjacent subbands. Therefore, the bandwidth efficiency
of the IFDMA scheme may be higher than that of the LFDMA scheme. On the down-side
again, when the MTs of the IFDMA system roam at a high velocity, the frequency offset
due to the Doppler frequency shift may significantly degrade the performance of IFDMA

systems.

2.2.2 Transmitter of Time-Frequency-Domain SC-FDMA

The transmitter schematic of TFD SC-FDMA is shown in Figure 2.8(a). In comparison to
the OFDM scheme of Figure 2.1(a) and to the TD SC-FDMA arrangement of Figure 2.5,
which has no DFT/IDFT at the transmitter, the transmitter of the TFD SC-FDMA has
both the DFT and the IDFT. The DFT operation in the TEFD SC-FDMA scheme is referred
to as DFT-based spreading [96,125], which transforms and spreads each TD symbol to the
FD as a feature of DFT, yielding a modulated signal in the form of the OFDM modulated
signal. Then, as shown in Figure 2.9, the subcarrier signals are mapped to different subbands
according to the matrix Py, of Figure 2.8(a). Following mapping to the subbands, the results
are transformed back to the TD by the IDFT, where the signals are transmitted following
the principles of OFDM, after inserting the CP and pulse-shaping as seen in Figure 2.8(a).

Let us now describe some of the components portrayed in Figure 2.8(a) in more detail.

Let us assume that the TFD SC-FDMA system employs U = M N subbands to support
K < M uplink users, where each user occupies N subbands. According to [102], after S/P
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FIGURE 2.8: Transmitter structure of the TFD SC-FDMA signalling adopting the prin-

ciple of DFT-spread OFDMA. In contrast to the pure TD LFDMA/IFDMA schemes of

Figure 2.5, in the TFD SC-FDMA we have the additional DFT - subband mapper - IDFT
processing chain, which facilitates the flexible mapping of the symbols to subbands.

conversion, the k-th user’s N symbols may be expressed in the TD as
) = (2] 0,2yt k=01, K —1, (2.18)

where the superscript t refers to the TD. Each element in 2}, is independent and identically-
distributed (i.i.d.) with a normalised transmission power P. Following the N-point DFT-
spreading using the DFT matrix F y of Figure 2.8(b), 2}, is transformed to the FD, yielding

f f f f
X, = [xk707xk717 e 71.]@7(]\[71)]71 - me;w (219)

where the superscript f refers to the FD. Note that a conventional OFDMA system may be
formed, when Fu is replaced by the identity matrix Iy.

As shown in Figure 2.8(b), following the DFT operation, the k-th user’s FD symbols in :I:i,
are mapped to the most appropriate N subbands, which are selected from the U = (M x N)
subbands of the SC-FDMA system with the aid of the subband mapping matrix Py, of user
k. Following subband mapping, the U-length FD symbol vector may be expressed as

~f ~f  ~f ~f T f
Ey, = [Tpo, Tpy, - 7xk(U_1)] = Prxy,. (2.20)

Again, in the context of SC-FDMA typically two subband mapping schemes are used, namely
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k-th  user's :
V[ kU FVKYE\ DFT-spread OFDM !

N=4 subband-sl signal

(a) Localised FDMA

b) o\l 1/ 2\ 3\ o\ 1|/ 2/ 3 1

U=NM=16 subbands

FIGURE 2.9: An example to illustrate the bandwidth expansion and subband mapping in
the TFD SC-FDMA system of Figure 2.8 using a total of U = 16 subbands, and N = 4
subbands per user. The system can support K < M = 4 users.

the localised mapping and distributed mapping schemes shown in Figure 2.9.

Localised subband mapping: As shown in Figure 2.9 (a), the localised mapping allows

each user’s N symbols to be transmitted on N consecutive subbands of the U subbands.

It can be shown that the entries of Py seen in Figure 2.8 are defined as

1, ifu=kN+n

0, otherwise

forn=0,1,--- , N—landu=0,1,--- ,U — 1.

(2.21)

Distributed subband mapping: When the distributed mapping of Figure 2.9 (b) is em-

ployed, the N symbols of a user are spread across the entire bandwidth of U subbands.

A typical distributed symbol-to-subband mapping scheme is the so-called interleaved

subband mapping proposed in [96, 122], which allocates the N symbols of a user to

equidistant subbands, where the entries of the mapping matrix Py, are defined as

foru=nM + k

otherwise

1,
Pk:,(u,n) = 0

forn=0,1,--- , N—landu=0,1,--- ,U — 1.

(2.22)

In the context of the TFD SC-FDMA scheme, the system invoking the localised subband

mapping is referred to as the LFDMA, as shown in Figure 2.5(a), which has now been
adopted by the 3GPP-LTE and the LTE-Advanced standards [2,35]. By contrast, the TFD
SC-FDMA system using the interleaved subband mapping is referred to as the TD IFDMA
arrangement of Figure 2.5(b). In TFD SC-FDMA, the DFT-spread OFDMA structure al-

lows the user signals to be transmitted with a high flexibility. For example, the length of the
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(a) Localised FDMA (b) Interleaved FDMA
FIGURE 2.10: An example of the & = 0-th user’s transmitted signal waveforms of the TFD
SC-FDMA signalling systems using (a) LFDMA and (b) IFDMA in comparison to SC-FDE,
respectively. Both the systems have a block duration of T, with a symbol duration of T}
and the chip duration is T, = Ty/M = Ts/4. The system may support K < M = 4 users.
The corresponding spectrum are seen in Figure 2.11.
SC-FDMA BPSK FD signal spectrum (N=4, M=4, U=16, k=0) Lo SC-FDMA BPSK FD signal spectrum (N=4, M=4, U=16, k=0)
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FIGURE 2.11: An example of the k = 0-th user’s transmitted signal spectrum of the TFD

SC-FDMA signalling systems using (a) LFDMA and (b) IFDMA in comparison to SC-FDE,

respectively. Both the systems have a system bandwidth of M B, with a subband bandwidth

of B/N. The system may support K < M = 4 users. The corresponding subband mapping
are seen in Figure 2.9.

transmitter’s DFT/IDFT may be reconfigured adaptively for the sake of accommodating di-

verse time-varying channel environments in order to achieve frequency diversity. The length

of the DFT/IDFT can also be adjusted, in order to support variable-rate services. When
comparing the IDFMA scheme to LFDMA, it becomes plausible that the IFDMA system is

capable of achieving the maximum attainable frequency diversity in dispersive multi-path

fading channels, since each symbol of a user carried by NV subcarriers is distributed evenly

across the entire transmission band. By contrast, owing to experiencing correlated fading,

the LFDMA system can only achieve frequency diversity, when using either dynamic subband

allocation [141] or multi-user scheduling [91].

29
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As seen in Figure 2.8(b), following the symbol-to-subband mapping, the U-point IDFT is
invoked to transform the symbols of 5:2 from the FD to the TD, yielding

&}, = [Tho Thas - Tyu-p) = FUEL = FUPuF nj. (2.23)

Specifically, when considering TFD LEDMA and substituting Eq. (2.21) into Eq. (2.23),

it can be shown in Figure 2.11(a) that the u-th element of Z! becomes zero, provided that

we have u#kN + n, while the v/-th, ' = 0,1,--- ,U — 1, element of :EEC can be expressed
as [102]
1 2mu'k
~t . t
- 2.24
xk,u /—M exXp (] M ) Tkono ( a‘)

if W' =nM, and

(2.24D)

X [1 — exp (j %u,)] x NZI . x;m . ;
M N S exp(j2mu’ /U ) exp(—j2mn'//N)
otherwise. Observe in Eq. (2.24a), Eq. (2.24b) as well as Figure 2.10(a), we can see
that the N symbols of x}ao,xz,l, “ee ,x};(Nfl) are transmitted as the chips f}w, of Figure
2.10(a) within the chip durations of v = 0,M,--- (N — 1)M, respectively, within the
same subcarrier frequency kN/T,, which corresponds to ku'/M in Eq. (2.24a) and Figure
2.10(a), when we have v/ = nM. Otherwise, when u' # nM, the original symbols in z}, are
transmitted by three subcarriers with the frequencies kN/T,, N/T, and 1/T,, corresponding
to ku'/M, u'/M and «' /U, as seen in Eq. (2.24b) and Figure 2.10(a). Therefore, the
spectrum of the TFD LFDMA signal is similar to that of the conventional TD LEFDMA
signal, as shown in Figure 2.5(a). However, in the TFD LFDMA the guard band between
the adjacent multi-user channels that used in the conventional TD LFDMA is not necessary.
Hence, the bandwidth efficiency of TFD LFDMA may be enhanced. Since the TFD LEFDMA
scheme only transmits three subcarriers regardless of the value of N and U, TFD LEFDMA
is capable of attaining a much lower PAPR, in comparison with OFDMA.

By contrast, in the context of the TFD IFDMA, when substituting Eq. (2.22) into Eq.
(2.23), we find that the u-th element of & is zero for any u#nM + k as shown in Figure
2.10(b), while we have [102]

~ 1 27(mN 4+ n)k

Tf = NI [ i ] T s (2.25)
when v' = mN +n, for m =0,1,--- ,M —1and n = 0,1,--- ,N — 1. Observe from Eq.
(2.25), for the k-th user only a single subcarrier located at the frequency of k/T, is activated

to convey each of N symbols in z} which is transmitted repeatedly M times with a within
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FIGURE 2.12: Receiver structure of the TFD SC-FDMA scheme. The corresponding trans-
mitter was shown in Figure 2.8, while the associated waveforms in Figure 2.10.

a segment duration of T5,. Hence, it can be shown that the transmitted signal’s spectrum
in TFD IFDMA of Figure 2.11(b) is equivalent to that of the TD IFDMA signal, as seen in
Figure 2.7(b). Since TFD IFDMA only transmits a single carrier at any time, it does not
impose any severe PAPR problems as OFDM.

Finally, as seen in Figure 2.8(b), the TFD SC-FDMA (LFDMA, IFDMA) signals are trans-
mitted after P/S conversion, CP concatenation and chip waveform filtering. Let us now

consider the receiver.

2.2.3 Receiver of Time-Frequency-Domain SC-FDMA

The receiver schematic of TFD SC-FDMA is shown in Figure 2.12(a). More details are
illustrated in Figure 2.12(b). Explicitly, the receiver typically carries out the inverse oper-
ations of the transmitter. Since the symbols are transmitted in blocks in TFD SC-FDMA
systems, they are also detected on a block-by-block basis. Considering a specific block, after
the matched-filtering, the CP is removed. Then, U-point DFT is carried out to transform
the TD observations to the FD, where subband demapping and FDE are invoked. Finally,
following the N-point IDFT, which transforms the equalised FD signals to the TD, the

decision variables can be formed for the N transmitted symbols of a user.

To elaborate a little further, after matched-filtering and CP removal, as well as S/P conver-
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sion, the TD observations may be expressed as [102]
§'= > HiEj +, (2.26)

where H ¢ represents a (UxU)-element TD equivalent CIR matrix for user &', which is a

circulant matrix in the form of Eq. (2.5). Furthermore,
At = [ag, iy, 7y ]” (2.27)

represents the complex-valued Gaussian distributed noise vector associated with a zero mean

and a covariance matrix o3Iy, where Ity is a (UxU)-element identity matrix.

Upon applying the U-point DFT of Figure 2.12(b), §' is transformed from the TD to the
FD, giving §f = Fygt. Then, the subband-to-symbol demapping is carried out. Specifically
for user £/, k' =0,1,--- , K — 1, we exploit the property of [102]

Iy, fork=F,
pIp,={ V% (2.28)
Oy, for k#£K/,

which allows us to express the result as [102]

K-1
v =Pl > FuH,Fl&] + PLFui'
k=0
K—-1
=PLH| Pzl + > PLHPz) +n},
k' +k, k=0

(2.29)

= Hi/.’l;‘i/ + ni/,

where H!, represents the k’-th user’s FDCHTF matrix, which is a (N x N)-element diagonal

matrix, given by
Hj, = PLFuHF{Py, = diag{hj, o, b1, 5 i (w1 }- (2.30)

Additionally, it can be shown that in Eq. (2.29), we have ni, = 'Pg,}'Uﬁt, which obeys
CN (0, ag %II N)-

Let us assume that the BS exploits our knowledge about the channel state information (CSI)
associated with all K users. Then, as discussed in Section 2.2.1, the k’-th user’s signal can be
equalised by a single-tap FDE using a (/N x N)-element diagonal weight matrix, expressed as
Wy = diag{wy o, wi 1, -+, wpr (v—1)} for user &’. The design of the weight-matrix may be

based on diverse criteria, yielding zi,/ = Wﬂyi,. For example, when the MMSE based FDE
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is employed, the (n’,n’)-th entry of Wy, for n’ =0,1,--- ,N —1land ¥ =0,1,--- | K — 1 s

given by [102]
hf
k' n’

e (2.31)
M |2 +1/7

wk:’,n’ =
where 5 = P/o% denotes the average SNR.

Finally, upon carrying out the N-point IDFT seen in Figure 2.12(b), the decision variables

for the k’-th user’s transmitted symbols may be expressed as
2t = Fllt, = FAWEH, Fyal, + 0, (2.32)

where we have n}g, =F %Wﬂp;‘g,f ynt. Therefore, the symbols of the k’-th user can be

detected from Eq. (2.32) and channel decoding using BICM-ID may be carried out.

2.2.4 Expression of the Signal-to-Interference-plus-Noise Ratio

Since knowledge of the signal-to-interference-plus-noise ratio (SINR) is beneficial for the
receiver, below we derive the SINR expression of SC-FDMA using the MMSE-FDE. In Eq.
(2.32), we let [142]

Al = FIWEHL Fy. (2.33)

Then, it may be readily shown that the relationship between z§, and its estimate 2}, is given

by the diagonal elements of the matrix A}, formulated as

N-1
1 § *
Ak‘/ = (1217(”7”) = N wk",n’hllci",n” (234)
n’=0

which are independent of the index n, hence, we have the same value forn =0,1,--- , N —1.

In this case, from Eq. (2.32) we arrive at
zz./ = Ak/x};/ + (A}:C’ - Ak/IN) .’L‘}ﬁ/ + n}i./, (235)

where the first term is the desired one, while the second term represents the residual ISI.
Hence, the SINR ~;/, which determines the detection reliability of user k&’ can be expressed
as [143,144]

-1

| !
(=S — ] 1, 2.36
(N Z fyk,m, + 1) ( )

N—1 o2 -1
1 |hys ]
’yk/ = e ’ — 1
(N 2. [hf, 2 +o%/P P

n'=0

where Y v = P|hL, ,|?/0% denotes the SNR in the n'-th subband of the k’-th user.
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Moreover, the normalised estimation error vector e}, between the transmitted signal z}, and

the estimated signal ZZ/ may be expressed as

1 1
¢ ( v — 2t ) = —(:Efg/ —A}C/IE;C/ —ni:/)

€, = —(&T, Z1
(2.37)
= 1- Ak/xt/ — L(At/ — Ak/IN):Et/ — int/.
The covariance matrix of e}, is given by
o2
R, = Ele},(e},)"] = [In — 2R{A}} + A}, (A})7] + FNIN’ (2.38)

with R{A},} denoting the real part of A},. It can be shown that, Refc/ is also a (NxN)-
element circulant matrix having identical diagonal elements. This implies that due to the
averaging effect of the N-point IDFT operation, all the k-th users’ resultant TD symbols
within the vector have the same MMSE value e;,. This MMSE value can be calculated as
the average of the FD MMSE values over N subbands, yielding

1 N-1 1 N-1 1
epr = — €K' n = == EEE— 2.39
k N Z k'n anzz:(],yk/7n/+1 ( )

n'=0
where ey s is the MMSE of the n/-th subband of user £’.

Finally, upon comparing Eq. (2.36) to Eq. (2.39), we can see that the overall SINR in Eq.
(2.36) and the MMSE in Eq. (2.39) satisfy the relationship of

Yo = eyt — 1, (2.40)

which is a general result for the optimum MMSE solution [102,145].

2.2.5 Comparison of OFDMA and TFD SC-FDMA Schemes

In Table 2.3, the major differences among OFDMA and the TFD SC-FDMA schemes are
summarised, where both the LFDMA and IFDMA are considered. Let us explain the table
in detail [91,102,129,132].

1. Both the OFDMA and SC-FDMA adopt the IDFT/DFT for multi-carrier modula-
tion/demodulation at the transmitter /receiver, respectively. However, in SC-FDMA,
the DFT-based spreading operation seen in the transmitter of Figure 2.8 results in
single-carrier transmission for SC-FDMA. By contrast, the OFDMA scheme trans-

mits all the subcarriers in parallel simultaneously.
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TABLE 2.3: Comparison of OFDMA, TFD SC-FDMA (LFDMA and IFDMA) schemes

|| OFDMA | LFDMA | IFDMA
Transmitter IDFT DFT, IDFT
Receiver DFT DFT, IDFT
Complexity Similar
MUI Non
ISI Non-ISI between two OFDMA /SC-FDMA symbols by using CP
Residual ISI Absence Presence, unless using ZF-FDE
Transmission Parallel Serial
Carrier modulation Multi-carrier Single-carrier
Involved subcarriers U subcarriers 1 or 3 subcarriers 1 subcarrier
PAPR Highest Very low Lowest
Symbol duration NTs =T, | Ty (M chip duration) | Ts/M (1 chip duration)
Symbol bandwidth B/N (compressed) B (localised) M B (distributed)
Frequency diversity gain Non, unless FEC Limited Significant
Multiuser scheduling gain Significant Sufficient Limited
Mobility scenario (speed) Depends (scheduling) Low (scheduling) High
Channel estimation Depends (subc. mapp.) Low overhead High overhead

2. Both the OFDMA and SC-FDMA schemes are free from multi-user interference (MUI),

owing to the orthogonal subcarrier/subband mapping scheme of the users supported.

3. The CP-based technique is employed by both OFDMA and SC-FDMA transmissions
in order to suppress the effects of ISI.

4. Symbols within one data block do not interfere with each other in the OFDMA system.
However, due to the IDF'T operation used at the receiver of Figure 2.12, the symbols in
one block may interfere with each other in the SC-FDMA systems, when the channel’s

fading becomes frequency selective.

5. Both the LFDMA and IFDMA schemes may achieve a certain diversity gain in the
presence of frequency-selective fading. Nevertheless, this frequency-diversity gain is
only achievable, when the residual ISI is efficiently mitigated, for example with the
aid of the MMSE based FDE schemes of Figure 2.12. By contrast, frequency-diversity
is not inherent in the OFDM(A) systems of Figure 2.1, unless the same symbols are
mapped to several independently fading subcarriers, which reduces the throughput.
Similar to the OFDM, a frequency diversity gain may be also achieved, when OFDMA
is combined with other techniques, such as channel coding/interleaving [55] or multi-

user scheduling [58].

6. In the IFDMA scheme, each user’s symbols are evenly distributed over the entire fre-
quency band of the system, while in LFDMA, the symbols of a user are conveyed
by a set of consecutive subbands. Therefore, the achievable frequency-diversity gain
of the IFDMA system is typically higher than that of the LFDMA system. By con-
trast, multi-user scheduling can be efficiently carried out in the context of the LEFDMA
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10.

system, since the co-located subbands may be allocated to the most appropriate fre-
quency bands associated with a high channel gain. Additionally, similar to OFDMA,
multi-user scheduling may be invoked by the LEDMA scheme in order to attain a
higher multi-user diversity gain than that of the IFDMA system.

Multi-user scheduling may be carried out, when communicating over slowly fading
correlated channels corresponding to a relatively low Doppler frequency. Otherwise,
the overhead imposed by the reference symbols or pilots, which is required for channel
estimation will be increased in order to obtain an accurate CSI estimate. As a result,
the spectral efficiency of the LFDMA or OFDMA system may degrade, when the MTs
travel at a higher speed.

. In order to carry out the FDE operation of Figure 2.12, channel estimation is required.

It can be shown that in a given mobility scenario associated with a specific multi-
path power delay profile, the LFDMA system may require a lower channel estimation
overhead than IFDMA, since the co-located subbands of LFDMA experience correlated
fading, while the distributed subbands of IFDMA may experience independent fading.

. In the OFDMA system all the subcarriers are transmitted simultaneously, leading

to a high PAPR. In comparison to OFDMA, the PAPR of LFDMA is substantially
decreased, since either one or three subcarriers are transmitted as seen in Figure
2.10(a) in terms of Eq. (2.24a) and Eq. (2.24a). Among the three schemes, IFDMA
guarantees the lowest PAPR, since only one subcarrier is transmitted at any time as
shown in Figure 2.10(b) according to Eq. (2.25). The PAPR of the OFDMA, IFDMA
and the LFDMA schemes were quantified in [91].

As a benefit of its diversity gain, SC-FDMA - especially the IFDMA scheme - out-
performs the OFDMA scheme in terms of its achievable bit-error rate (BER) perfor-
mance [102], when no other BER enhancement techniques are invoked. The IFDMA
arrangement outperforms LEDMA in terms of both its BER and the block-error rate
(BLER) performance, when operating without the assistance of other techniques [146].

Let us now consider the basic principles of the BICM.

2.3 Bit-Interleaved Coded Modulation Using Iterative De-

coding

Coded modulation schemes may be classified into two main categories in terms of their

symbol generation techniques [92]. The first category uses the symbol-based interleaving,
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which is referred to as trellis-coded modulation (TCM). The TCM concept was originally
proposed by Ungerboeck in [147] for Gaussian channels and then it was further developed for
fading channels in [148-150]. The TCM schemes have also been introduced as component
codes into the generalised parallel-concatenated turbo code structure, forming the class of
turbo trellis-coded modulation (TTCM) [151]. In both TCM and TTCM, the so-called set-
partitioning (SP) based signal labelling [150] is adopted to map the encoded bits to the
modulated symbols by ensuring that the constellation points that are unprotected are far
apart, while the points in each other’s close proximity are error correction coded. Again,
the SP-based labelling guarantees maximising the minimum Euclidean distance among the
unprotected constellation points, hence providing a low error probability even without error

correction coding.

With the aim of increasing the diversity order of TCM schemes, the second family of coded
modulation schemes was conceived by invoking bit-based interleaving, which is known as
bit-interleaved coded modulation (BICM) and was proposed by Zehavi in [152]. In the BICM
scheme Gray labelling is employed. In [153-155], a comprehensive investigation of BICM
has been provided in the context of a general information-theoretic framework, along with a
range of design guidelines. When the BICM philosophy is combined with iterative decoding
(ID), the BICM-ID scheme is conceived, which was originally proposed by Li [97,98]. The
BICM-ID scheme also adopts SP-based labelling, which has an increased Euclidean distance
in comparison to Gray labelling . BICM has been widely studied in the literature, for
example in [156-162]. Focusing our attention on multi-carrier systems, in [106] a TFD
BICM scheme has been proposed for OFDM in order to achieve both time- and frequency-
diversity for transmission over broadband time-varying channels. Detailed performance
comparison of BICM-aided SC-FDE and BICM-aided OFDM have been provided in [163],
when communicating over interference-infested channels. Additionally, multi-level BICM

schemes conceived for SC-FDE systems have been studied in [135,164].

In Ungerboeck’s original TCM schemes [147] the forward error correction (FEC) codes were
recursive systematic convolutional (RSC) codes. They were replaced by non-systematic
convolutional (NSC) codes in the original BICM arrangement of [152]. In this thesis, the
BICM-ID used will invoke either RSC component codes as in TCM for the sake of improving

the achievable power-efficiency.

2.3.1 BICM Encoding

The BICM encoder is shown in Figure 2.13. Specifically, at the k-th MT, (k =0,1,--- , K —
1), the Nyp-length binary source data stream b is initially encoded by an outer FEC code
having a coding rate of R., generating N, coded bits. Then, the outer encoded bit frame
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FIGURE 2.13: Block diagram of the BICM encoder.

A bit frame containing N. coded bits - interleaver length

W containing QN coded bitz

A QAM symbol (@ bits per symbol)

A symbol vector containg N QAM symbols

as a SC-FDMA symbol or an OFDM symbol
A symbol frame containing Ny = N./Q QAM
symbols or NNV, symbol vectors

FIGURE 2.14: Transmission frame structure in terms of bits and symbols.
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FIGURE 2.15: Schematic diagram of BICM decoder using iterative decoding. The encoder
was shown in Figure 2.13, and the transmission frame structure is portrayed in Figure 2.14.

c; is interleaved by a Nc-length random bit-based interleaver 7 and its output bit frame
b= }670)T, ( }671)T, e (b}c,(Ns—l))T]T is fed into the M-ary QAM mapper for transmitting
Q bits per symbol, where we have Ny = N./Q and M = 29. Hence, the N.-length bit
sequence bik of Figure 2.13 is partitioned into Ny segments b}€7ns, nsg=0,1,---,Ng — 1, each
having () bits. Moreover, the Ny modulated symbols are converted to N, symbol vectors
expressed as z}[ny], (or zi[ny], '[n]), ny = 0,1,--- , Ny — 1, each of which contains N
symbols xz,’n[nv] (or xi,n[nv], zi[ny]), (n = 0,1,--- | N — 1), that are transmitted by a

single SC-FDMA (or OFDM, SC-FDE) symbol. Note that, the index n, mentioned above
corresponds to the index ¢ used in Figures 2.2, 2.3, 2.8(b) and 2.12(b).

2.3.2 Iterative Decoding of BICM

The BICM-ID decoder considered is similar to that detailed in [92], which employs an M-ary
symbol-to-bits soft-input soft-output (SISO) demapper, a bit-wise random interleaver and
deinterleaver, as well as a SISO FEC decoder, as shown in Figure 2.15. When non-iterative
detection is invoked, the BICM-ID decoder automatically becomes a BICM decoder, operat-
ing without a feedback loop. Below we detail the BICM-ID scheme. In Section 2.3.2.1, the
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Gaussian approximation of the received constellation symbols’ probability density function
(PDF) is introduced for characterising the distribution of the decision variables. Then, the
soft-information conversion from symbol-to-bit-probabilities as well as the iterative detec-
tion mechanism, are addressed in Section 2.3.2.2 and Section 2.3.2.3, respectively. Finally,
in Section 2.3.2.4, we detail the soft-estimation of the transmitted symbols. For detailed

discussions on turbo detection in general, and BICM-ID in particular, please refer to [92].

2.3.2.1 Distribution of the BICM Decision Variables

As discussed in Section 2.2.3, after equalisation was carried out in the FD, the final decision
variable vector is given by 2z, for user k’. As shown in Figure 2.15, the vector 2}, is input
to the M-QAM SISO demapper. According to [145, 165], the element ths/,n of 2}, can be
approximated by a complex-valued Gaussian random variable CN' ~ (g p, a,%, ,), which has

the PDF expressed as

Feb oo =) = <o "Z’E/U%,Zk”"'Q, (2.41)
where the mean and variance of z,tﬁ,m are given by
L = B[z p|Th 5 = i Ul%’,n = Var(zp p|Tk 5 = Si, (2.42)
and i =0,1,--- , M — 1 denotes the symbol index of constellation points.

2.3.2.2 Iterative Joint Demapping and Decoding Mechanism

Given the mean and variance of s, and O']%,m for each of the M-QAM symbols, the
demapper of Figure 2.15 is capable of converting the symbol probabilities to the bit prob-
abilities, yielding the a-posteriori probabilities in form of their logarithmic-likelihood ratio
(LLR) representations L£'P for the FEC-coded bits in frame b},. As shown in Figure 2.15,
the notation £()(.) represents the LLRs of the bit frame of Figure 2.14, where the super-
script ! relates to the inner BICM demapper, while © corresponds to the outer FEC decoder.
Additionally, the superscripts #, P and ¢ denote the nature of the LLRs, with a, p and e
indicating a-priori, a-posteriori and extrinsic LLRs, respectively. As shown in Figure 2.15,
the a-priori information £43( }ﬁ,) provided by the BICM demapper is subtracted from the
a-posteriori information L£P(b},), in order to generate the extrinsic information £°(b},).
Then, this extrinsic information is de-interleaved by the random soft-bit de-interleaver =1
of Figure 2.15, yielding £>*(c,), which is passed to the outer FEC decoder as the a-priori
information for the coded bits ¢f,. Based on L£%%(c?,), the outer FEC decoder of Fig-
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ure 2.15 computes the corresponding a-posteriori LLR values L>P(c,) with the aid of the
Bahl-Cocke-Jelinek-Raviv (BCJR) algorithm [166] or the logarithmic mazimum a-posteriori
probability (Log-MAP) algorithm [92,167], etc.

During the soft decision feedback phase of Figure 2.15, the extrinsic LLRs L£L%°(c},) are
generated by subtracting the a-priori LLRs £%%(c},) from the a-posteriori LLRs LP(c},).
Then, the LLRs L>P(cg,) are fed back to the inner demapper as the a-priori LLRs £*(b},)
after appropriately reordering them using the soft-bit interleaver 7, as portrayed in Figure
2.15. Using the information provided by Li’a(bik,), the SISO demapper can re-calculate the
a-posteriori LLRs LP(b},) for the next iteration. Additionally, based on the a-priori LLRs
[,i’a(b}g,), the BICM demapper may also compute the soft estimates Z, of the transmitted
symbols for further processing by frequency-domain turbo equalisation [90], which will be
adopted for SC-FDMA in Chapter 5.

2.3.2.3 Logarithmic-Likelihood-Ratio of SISO Demapper

In order to calculate the LLRs with respect to the n,-th symbol vector z},[n], observe with
reference to the frame structure of Figure 2.14 that the «-th element of £42(bi,), L'P(bi,) and
L¢(bl,) may be represented by the (nQ + g)-th elements of the n,-th segment in £-%(b},),
L'P(bl,) and L¢(bl,), where ¢ = (nyN + n)Q + ¢q. Hence, we have E}ﬁ,(b) = EZ,(7'2nQ+q) [ny],
where again, the notation (-) represents ’a’, 'p’ or ’e’ for the a-priori, a-posteriori, or extrinsic
information, respectively. Furthermore, the LLRs Eik’,atu Eik’}l and Eik’,e?L correspond to the g-th
a-priori, a-posteriori and extrinsic LLRs of the bit vector b}g,,ns, where we have ng = nyN+n
forng=0,1,--- ,Ng—1,n=0,1,--- ,N—land¢=0,1,--- ,Q—1. Specifically, the a-priori
LLR value can be expressed as [92]

P(bi,

=0
L_l)] ng=0,1,--- , Ny —1, (2.43)

L =1 !
Wa = P,

N2

Ms,q )

and the a-posteriori LLR values may be formulated as [90, 92]

=1In - ,

ZVbik’,n b =1 f(zltc’,n[nV]‘b}c’7ns)P(b}c’,ns)

s Mms,q

ﬁ}ﬁb =In

P(b}c’7ns,q = 0122,7n[nv]) ZVbl/,nS:bins,q:O f(zfc/,n[nvﬂbi /mS)P( }g/ms)
POy g = 1]2,2,7n[nv])

(2.44)
for ng =0,1,--- , Ny — 1.

Based on (2.43) and (2.44), the corresponding eztrinsic LLRs are given by [90,92]

1nT ia
Z\fbiibi,q=0 oxp (_Q"“ T ibiﬂﬂ‘ck,ns,m)

Ly, =L, - Ly, =n (2.45)

1RT i,a ’
ZVbi:bm:l exp (_Qnsﬂ' + ibi,(q][’kmmfﬂ)
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for ng =0,1,--- , Ng— 1, where the Q-element vector b; contains the bits of the i-th symbol
in the M-QAM constellation 8§ and the g-th element of b; is given by
. +1, b;, =0,
big = " (2.46)
—1, b, =1

Moreover, in Eq. (2.45), b; 4
element Bm, while Ezans ] denotes the corresponding vector holding all the a-priori LLR
Additionally, in Eq. (2.45), op,,; is

1 denotes the subvector obtained from BZ by omitting its ¢-th

api La
values L , except for the g-th element [’k,(nsQ +a)"

given by

|Z]tg’ _:“n,i|2
Ongi = ——5——, (2.47)

Un,i

where p,, ; and 012171- were defined in Eq. (2.42).

2.3.2.4 Soft-Estimation of the Transmitted Symbol

In order to generate the soft-estimates of the modulated symbols, the corresponding bit
probabilities given by the a-priori LLR values are first converted to the symbol probabilities.
Let P(QUZ/,n = s;) represent the probability that we have mz,ﬂ = s; for the i-th M-QAM
symbol, which may be obtained from the bit probabilities P (b, 4 = b;4) for¢ =0,1,--- ,Q—
1, as their product, provided that the bit-interleavers are sufficiently long for ensuring the

independence of the bits, yielding [92]

Q-1 Q-1 1 rha
P(ajy, =si) = [ Plbnig=big) = [] 3 (1 + biq tanh w> 7 (2.48)
q=0 q=0

where ng = nyN+n,ns=0,1,--- ,Ng—1landn =0,1,--- , N —1. Then, the soft-estimated

z}, of the transmitted symbol z}, can be expressed as

Thp =Bl ) =Y s Plaf, =s), n=01- N-L (2.49)
S; €S8

2.4 Summary

In Sections 2.1, 2.2 and 2.3 we have reviewed the basic principles of the OFDM, SC-FDMA
and BICM-ID techniques, respectively. Comparisons of these schemes have also been carried

out in Section 2.2.5.

We have shown that OFDM is capable of reducing the effects of ISI with the aid of the

CP. However, as argued in Section 2.1.4, it transmits all the subcarriers simultaneously,
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hence yielding a high PAPR. Furthermore, the OFDM scheme is in general unable to attain
frequency-diversity and time-diversity, in the absence of FEC coding and inter-subcarrier

interleaving or subcarrier-repetition, which reduces the throughput.

In the SC-FDE scheme of Figure 2.4, single-carrier TD signals are transmitted, hence, the
OFDM-specific PAPR problem is eliminated. At the receiver of the SC-FDE, invoking
DFT and IDFT allows low-complexity single-tap equalisation to be carried out in the FD.
Therefore, both the joint complexity of the equaliser, DFT and IDFT may be reduced
in comparison to the conventional TD equaliser having a high number of taps. However,

residual ISI may exist, when non-ZF types of FD equalisers are employed.

The SC-FDMA is also capable of maintaining a low PAPR compared to multi-carrier mod-
ulation schemes, hence they are suitable for high-rate uplink transmissions. As argued in
Section 2.2.1, the implementation complexity of the TD SC-FDMA transmitter of Figure
2.5 is lower than that of the TFD SC-FDMA transmitter, which invokes the DFT-spread
OFDMA structure of Figure 2.8(a). The receiver complexity of both the TD SC-FDMA
and TFD SC-FDMA is the same. However, the TFD SC-FDMA transmitter benefits from a
more flexible reconfigurable transceiver architecture, which is capable of combining the ad-
vantages of both the LFDMA signalling of Figure 2.5(a) and of the IFDMA scheme of Figure
2.5(b). Both the LFDMA and IFDMA versions of the TFD SC-FDMA systems discussed
in Section 2.2.2 may achieve some diversity gain, in the presence of frequency-selective fad-
ing. Indeed, IFDMA is capable of achieving the maximum attainable frequency-diversity
in dispersive multi-path fading channels. By contrast, the LFDMA has degraded frequency
diversity in comparison to the IFDMA. However, the LFDMA scheme has to invoke intel-
ligent symbol-to-subband allocation schemes or multi-user scheduling in order to achieve
the multi-user diversity. Nevertheless, as argued in Section 2.2.5, for both the LFDMA and
IFDMA, the frequency-diversity gain is only achievable, when the residual ISI was efficiently
mitigated.

The introduction of BICM to the OFDM, SC-FDMA, etc, systems enjoys various benefits.
Firstly, FEC coding gain may be attained. Secondly, BICM was designed for increasing
the time-diversity gain of coded modulation in order to mitigate the effects of fading. It
was shown in [92] that given a total complexity of 64 trellis states, BICM-ID outperforms
BICM in both AWGN and uncorrelated fading channels. It was also shown in [92] that
as expected, the performance of BICM is dependent on the interleaver length in correlated
fading channels, but not in uncorrelated fading, which models an infinite-interleaver scenario.
By contrast, the error performance of BICM-ID is highly dependent on the interleaver length
in both AWGN and correlated fading channels.

In the following chapters, we will simply refer to the TFD SC-FDMA as SC-FDMA. In the
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next chapter, we will investigate the the single-relay assisted amplify-and-forward coopera-

tive SC-FDMA for multi-user uplink transmissions.






Chapter

Single-Relay Assisted
Amplify-and-Forward Cooperative

SC-FDMA Uplink

3.1 Introduction

As alluded to in Chapter 1, cooperative communications and relaying have attracted sub-
stantial research attention over the past decade as a benefit of their spatial diversity gain
attained in a virtual multiple-input multiple-output (MIMO) scenario created by the dis-
tributed single-antenna terminals by sharing resources with their cooperative partners. This
cooperation allows the system to mitigate the radio channel’s fading by jointly exploiting
the benefits of frequency-, time- and spatial-diversity. Furthermore, the cooperative strat-
egy may also be used to increase the attainable system capacity [37,39,40,46]. Recently,
the diversity-multiplexing trade-off encountered in multiple-access amplify-and-forward re-
laying was considered for transmission over block fading channels in [168]. Moreover, both
the single-user and multi-user performance of relay-assisted direct-sequence code-division
multiple-access (DS-CDMA) was discussed in [63,169,170]. The relay-based single-carrier
modulated frequency-domain equalisation (SC-FDE) [94, 171] aided space-frequency block
coding assisted interleave-division multiple-access uplink was investigated in [136,172,173].
Prior studies considered relay-aided cooperation both in a single-user and in a multi-user
context, but their employment was typically restricted to transmission over frequency-flat
fading channels. Naturally, at high bit rates the channel becomes frequency-selective and
hence its deleterious effects have to be mitigated. Furthermore, both the multi-user in-

terference (MUI) and inter-symbol interference (ISI) should be cancelled. The associated
45
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processing imposes a high complexity, especially when the number of users is high.

Against this background, in this chapter we investigate the cooperative diversity bene-
fits achievable in the single-relay assisted single-carrier frequency-division multiple-access
(SC-FDMA) uplink for transmission over frequency-selective fading channels. As we argued
in Section 2.2.2, the SC-FDMA technique advocated adopts SC-FDE combined with orthog-
onal subcarrier mapping in order to support multiple users without contamination by MUI.
Furthermore, our single-relay assisted SC-FDMA system allows user cooperation to achieve
a diversity gain without imposing MUI by the cooperating sources and relays upon the
uplink-receiver at the base station (BS). It is worth noting that SC-FDMA is capable of ex-
ploiting the benefits of multi-path diversity for transmission over broadband channels, while
in orthogonal frequency-division multiplering (OFDM) [55] introduced in Section 2.1, each
subcarrier experiences flat-fading, hence no frequency-selection diversity gain is achieved. It
has been indicated in Section 2.2.5 of Chapter 2 that SC-FDMA attains a similar overall
performance as orthogonal frequency division multiple access (OFDMA), but it is more suit-
able for uplink transmission due to its lower peak-to-average power ratio (PAPR), which is
typically high in multi-carrier systems [55,91,102]. Additionally, the combination of multi-
carrier modulation with the discrete Fourier transform (DFT) and inverse discrete Fourier
transform (IDFT) aided SC-FDMA can be adaptively reconfigured in order to mitigate the
effects of time-variant channels. The system also benefits from cooperative communications.
Hence, our novel contribution in this chapter is that we design a sophisticated SC-FDMA
scheme, for amplify-and-forward (AF) based single-relay assisted user cooperation aided
uplink transmissions. Our simulation results show that cooperative diversity may be achieved
for both the single-dedicated-relaying (SDR) and single-shared-relaying (SSR) strate-
gies in both single-path and multi-path scenarios. As a result, the proposed subband-based AF
scheme is combined with subband remapping at the relay. By contrast, the system invokes
a minimum mean-square error (MMSE) assisted FD equaliser for each of the cooperative
branches at the BS, where a simple equal-gain combiner (EGC) [100] is adopted in the
TD. The resultant system is capable of achieving a multi-user performance, which is better

than that of the conventional single-user AF protocol operating in a multi-path environment.

This chapter is organised as follows. The system model of AF single-relay assisted SC-FDMA
uplink is detailed in Section 3.2, including both direct transmission and relay channels.
In Section 3.3, we propose subband-based AF aided cooperative relaying with subcarrier-
remapping, which will be compared to conventional AF techniques in the context of both
SDR and SSR schemes. Moreover, the MMSE assisted FDE schemes applied in both the
direct and relaying branches are investigated for our proposed systems in Section 3.4. Addi-

tionally, we discuss our simulation results in Section 3.5 and finally conclude in Section 3.6.
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3.2 System Models for Relay Assisted Cooperation

In the SC-FDMA system we investigated, K mobile terminals (MT) are active as information
sources, while the inactive nodes act as relays. The AF-based relay simply amplifies the
signal of each source without changing their carrier frequency. For the sake of separating
multiple users in the frequency-domain (FD) and hence to avoid MUI, each source only
selects a single relay node, which can be dedicated to a single user or may be shared by
multiple users, based on the specific relaying topology shown in Figure 3.1 according to
the SDR or SSR philosophy of Figure 3.1. Furthermore, we assume time division duplexing
(TDD) in the perfectly synchronised system considered. Observe in Figure 3.1 that during
the 1-st time slot (TS1), all the K sources transmit their messages si’t, (k=0,1,--- ,K—1),
which are simultaneously received by the relay(s) and by the BS via the source-to-relay
(S-R) and the source-to-destination (S-D) link, respectively. Then, during the 2-nd time
slot (TS3), the relay forwards its received signal to the BS via the relay-to-destination
(R-D) link according to the specific cooperative strategies to be described in Section 3.3.
We note that the effects of path-loss and shadowing have not been taken into account in
this contribution, which implies the assumption of perfect power control for all links. The
effects of realistic power control errors (PCE) will be considered in Chapter 4. Furthermore,
the total signal power of each user received via both the direct and relay branches was set
to unity according to

Ps+Pr=1 (3.1)

3.2.1 Transmitted Source Signal

The SC-FDMA technique used in our work adopts the interleaved subband mapping aided
DFT-spread OFDM arrangement of Section 2.2.2 at the transmitter portrayed in Figure 3.2,
i.e. we opted for an interleaved FDMA (IFDMA) system. Specifically, the N-point DFT
is used to transform the k-th user’s N consecutive time-domain (TD) symbols hosted by
the vector &} = (g0, 2k 1, ,2rn-1]7 of duration T, into the FD, yielding :L‘fc = Fnz},
which is constituted by N orthogonal narrow subbands, where F  denotes the normalised
N-point DFT matrix given in Eq. 2.2. Then, the resultant N FD symbols are mapped to
orthogonal FD subbands as shown in Figure 2.9 (b), which obey the bandwidth expansion
factor M, yielding a total bandwidth of U = N x M. For further details on the SC-FDMA
technique please refer to Section 2.2. Suffice to say that the baseband equivalent discrete-
time expression of the transmitted signal before inserting the cyclic-prefix (CP) is given
by

§)" = /P F P F iz, (3.2)
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MT SDRs
First—=hop Second-hop

BS

ORNOIO
7>

(a) Single-dedicated-relaying (SDR)

MT
First-=hop Second-hop

SSR BS

(b) Single-shared-relaying (SSR)

F1cUrE 3.1: Relaying topologies for SC-FDMA uplink transmissions. The corresponding
transceiver schematics of the source MTs, relays and the BS are portrayed in Figures 3.2,

3.3 and 3.4.
T—domain} F-domain : T-domain
~ . S,
zi [Tper | %k [Swband | &[5 | F [ Power - 5"
— mapping - allocation IAdd CP
Fn P 'FU Pks

FiGUure 3.2: Transmitter schematic of the SC-FDMA source MT. The DFT-spread
OFDMA-style transmitter is invoked as we introduced in Section 2.2.2. The corresponding
TD and FD signals using IFDMA scheme were seen in Figure 2.10(b) and Figure 2.11(b),
respectively. In the transmitter of a source MT, power allocation is introduced associated
with transmit power of Pks, where we have the total transmit power constraint of the source
and relay given in Eq. (3.1). By contrast, in the SC-FDMA transmitter of Figure 2.8 for
direct transmission (DT), the transmitter power is normalised to P = 1, hence the power
allocation is not necessary.

where the superscripts S denotes the signal at the source MT and ' refers to the signal

represented in the TD. Furthermore, Fy denotes the normalised U-point DFT matrix in the

form of Eq. (2.2), while Py, is the symbol-to-subband mapping matrix of the k-th user having

a normalised transmit power of Ps. To elaborate a little further, the FD subband mapping

scheme of Figure 2.9, which is also known as subcarrier mapping in multi-carrier systems,

has to be designed to achieve the maximum attainable frequency diversity in dispersive
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(b) Subband-based AF

FIGURE 3.3: Transceiver schematic of the relay using (1) conventional AF; (2) subband-

based AF. The matching source transmitter was shown in Figure 3.2 and the destination

receiver in Figure 3.4. The conventional AF relaying is carried out in the TD only discussed

in Section 3.3.1, while the subband-based AF employs DFT/IDFT operation in order to

process the amplification in the FD and invokes subband demapping/mapping for noise
suppression which will be detailed in Section 3.3.2.

T-domain : F-domain : T-domain
1
SD,t SD,f SD,f 1
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FIGURE 3.4: Receiver schematic of the SC-FDMA using TD-EGC at the BS. The source

and relay transmitter schematics were shown in Figure 3.2 and Figure 3.3, respectively.

During TSg, the BS’s receiver function is similar to the DT receiver of Figure 2.12, in which

the FDE is invoked for S-D channel; while during T'S;, the FDE mitigate the fading effects

of both S-R and R-D links jointly. Finally, a low-complexity TD-EGC combines the two
branches signals in order to achieve the cooperative diversity gain.

multi-path fading channels according to Section 2.2.2

P B 1’ foru:nM+k7 (3 3)
k,(u,n) 0, otherwise, |

where Py, () is the (u, n)-th entry of Py and we have u = 0,1,--- ,U~1, n=0,1,--- , N—1.
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3.2.2 The BS’s Received Signal via Direct Branch

We assume that the BS perfectly estimated the channel state information (CSI) of the S-
D link. Then, during TS; the BS directly receives all the K users’ source signal via the
S-D link subject to multi-path fading. After removing the CP, the received signal may be

formulated as:

K—1
I S, ~D,
rp = Z HtSD,ksk ‘ +ny ’ (3.4)
k=0

where the TD channel impulse response (CIR) H Lok is a (U x U)-element circulant matrix
in the form of Eq. (2.5) for the S-D link of the k-th source user, while the U-length vector
Dt

fy " is the complex-valued additive white Gaussian noise (AWGN) component with a zero

mean and a variance of 0%, i.e. we have CN(0,0%) at the BS.

In order to detect each user’s signal in the FD at a low complexity, the subband demapping
technique of Figure 3.4 and Section 2.2.3 is implemented, followed by a U-point DFT, where
we have 'P;‘Q'Pk = I if k' = k, otherwise 'P{,’Pk = 0 if k¥'#k, and the user index at the BS’s
receiver is k' = 0,1,--- , K — 1. The subband demapping matrix is capable of removing the
MUI imposed by all other users, leading to a single-user vector yip’f of N symbols during
TS; via the S-D link, yielding

yit = /BsHP e, + g, (3.5)

where the superscript f denotes the FD signal. In Eq. (3.5), the equivalent FD channel
transfer function (FDCHTF) of the k’-th user signal in the S-D link is a (N x N)-size
diagonal matrix, given by
SD,f =SD,t . SD,f ;SD.f SD,f
HP' = ’P%,}"UHk, FiAp. = diag{hp: g, by s 7hk/7(N71)}7 (3.6)
and nlg’f represents the N-length AWGN vector associated with CA/(0,0%) and imposed at
the BS during TS;:

ny"' = PLFuA". (3.7)

3.2.3 Single-Dedicated-Relaying

In the single-dedicated-relaying (SDR) aided topology shown in Figure 3.1(a), we assume
that there are many inactive mobile terminals available which can play the role of relays
during the cooperation phase in a cell. Each of these inactive mobile terminals forwards
the strongest signal received from a nearby source user, provided that it has a sufficiently

high channel quality between them. Hence, there are a total of K sources and K relays in
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F1GURE 3.5: An example of spectrum for the conventional AF relay using the transceiver
schematics of Figure 3.3(a). The IFDMA system has a total U = 9 subbands to support
K = M = 3 users, while each user’s signal is allocated in N = 3 distributed subbands.
Each relay imposes an AWGN across the all 9 subbands. Besides of the noise imposed in
the user’s 3 subbands forwarded by the dedicated-relay, there are (K — 1) noise imposed
in the remaining (U — N) = 6 subbands at the other (K — 1) = 2 relays forwarded to the
BS. Observe in this figure, for the relaying link, K = 3 AWGN components are imposed
on each user’s signal and forwarded to the BS. Clearly, these cumulated noise components
erodes all K = 3 users’ signals at the BS, not only the noise components forwarded by their
dedicated relays.

the system. The signal received by the k-th relay as well as by the BS during T'S; and T'S»

respectively, are expressed as follows,

SRt _ SRt St | =Ryt

T, = H) Vs +n,.", (3.8a)
K—1

RDt _ FRD,t Ryt | =Dt

r = ZHk e (3.8b)
k=0

where (U x U)-size circulant matrices H ER’t and H lljD’t host the TD CIR for the k-th source
user’s signal of the S-R link and R-D link, respectively. In Eq. (3.8), 'ﬁ?’t and 'ﬁll)’t represent
the U-length AWGN vectors associated with CA(0,0%) imposed at the k-th relay and at
the BS, respectively.

Moreover, for each user, both the source and the relay transmit their signal at the same
normalised power, i.e. we have P = Pr. Hence, the uplink system contains K S-R, S-D
as well as the R-D links respectively, and the signals received via both the S-R link and the
R-D link experience L independently fading multi-path components. Naturally, every source
also has its direct link to the BS, which is also subject to independent frequency-selective

fading.

It is important to note that the AWGN imposed by the relay should also be taken into
account. Observe in Figure 3.5 that the noise component ﬁ?’t imposed by the k-th user’s

relay spreads across all U subbands in the FD, where only N subbands carry the k-th user’s
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signal effectively. When considering all the K relays, there are K noise sources forwarded
from relays to the BS imposed in each user’s subbands, as seen in Figure 3.5. However, the
subband demapping at the BS of Figure 3.4 is incapable of removing these extra AWGN
contributions in each user’s subbands. As a result, these noise components may degrade
the BS’s receiver performance during TS, especially when K is high. Additionally, when
taking into account the BS receiver’s noise contribution during TS; and TSs, a total of
(K + 2) noise sources having an overall average power at 012\1 exist in the system. Thus,
the total noise power imposed by all the K relays may become the dominant source of
performance degradation. Of course, the noise effects may be eliminated by more complex

decode-and-forward (DF) relaying.

3.2.4 Single-Shared-Relaying

In contrast to the SDR of Figure 3.1(a), when the number of inactive mobile stations becomes
insufficient, to find a shared relay for all active user, the so-called single-shared-relaying
(SSR) scheme of Figure 3.1(b) may be invoked. As shown in Figure 3.1(b), we assume that
the relay is capable of receiving and forwarding signals from a cluster of K source users, so
that these sources can share the relay, which simultaneously forwards their signals to the

BS. Therefore, the representation of the signals received at the relay and BS is given by

K-1

,',.SR,t — Z H2R7t827t + ,ﬁR,t7 (39&)
k=0

PRt = FRDAgRE Pt (3.9b)

where (U x U)-element circulant matrix HRD:t denotes TD CIR for the R-D link. Specif-
ically, in Eq. (3.9) each of the K source signals embedded in the forwarded messages is
still transmitted on the same subcarriers as the one they used for transmission from their
respective source transmitters. Thus, the uplink system contains K pairs of S-R and S-D
links, but only a single R-D link. This implies that the transmissions containing the com-
posite K-user signal forwarded from the relay to the BS is affected by the same multi-path
channel and contaminated by a single noise source at the relay. In other words, the perfor-
mance degradation imposed by the relay is not related to the number of users K, which is

in contrast to the SDR scheme of Section 3.2.3.

However, it is unrealistic to provide sufficient relay power for the simultaneous transmission
of all the K users’ signals. A simple realistic solution is to limit the total power of all the
K users to unity, formulated as

PY =KPz =1. (3.10a)

Then subjected to Eq. (3.1), the average transmit power of each user’s message at the source
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node has to be set to

Ps=1-1/K. (3.10b)

3.3 Cooperative Strategies at the Relay

Let us now discuss the relay-aided AF SC-FDMA approach in this section. The conventional
AF technique will be presented first in Section 3.3.1. Then in Section 3.3.2 we propose an
improved AF processing scheme operating at a subband-level, which includes both subband

remapping and FDE for employment in both SDR and SSR systems.

3.3.1 Conventional AF Relaying

The classic AF scheme of Figure 3.3(a) is based on analogue amplification of the received
signal at the relay by a factor depending on received signal powers at relay under the
maximum power constraint of Eq. (3.1) [46]. In the SC-FDMA system, we assume that
the BS perfectly estimated both the S-D and R-D links. The multi-user source signals are
processed at the BS as follows.

3.3.1.1 Conventional AF and SDR Aided BS Reception

For the SDR topology, we have the transmitted signal s?’t of the k-th relay expressed as
sg’t = ﬂ,griR’t = ﬁ;z\/ PstER’tngkaxfg + ﬂ,gﬁg’t, (3.11)

where the TD amplification factor of the k-th relay is expressed as [46]

@:¢ al (3.12)

PS’BER’tP + 0'12\1’

and the term |B§R’t|2 in the denominator of Eq. (3.12) is given by

I = T B R U (8.13)

After U-point IDFT and subband demapping as seen in the schematic of Figure 3.4, the
BS receives the messages forwarded from all the K relays, where the resultant FD received
signal is given by

VP = 5 FRH ], 4 .11
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with a (N x N)-size diagonal matrix H 2}D”D’f formulated as

which represents the &’-th user’s equivalent FDCHTF for the S-R-D link. By contrast, for
the R-D link, we have

HEPS = PLFU R FIP, = ding WS W L 0

The total noise encountered by the BS in the FD includes the equivalent relaying noise
imposed by the K AF relays and the noise directly contributed by the BS’s receiver during

TSs, which is formulated as:

=PLFy <Z BLH P bt + A t) : (3.17)

k=0

3.3.1.2 Conventional AF and SSR Aided BS Reception

However, in contrast to the SDR technique characterised in Eq. (3.11), for the SSR method,

we have

K—-1
sttt = pipStt = gt N RV FHP F e, + gAY, (3.18)

where the amplification factor of the SSR normalises the sum of all the K source signals

according to

3.19
\/Zfolplhsmlhra (319

Similar to the SDR-AF regime of Section 3.3.1.1, during T'So, the k-th user’s FD received

signal representation after U-point IDFT and subband demapping using the schematic of
Figure 3.4 and spectral plots of Figure 2.9(b) is given by

ypf = 84/ PsH P 2l + Al (3.20)
where we have:
Hi/RD f = pTF, HRD: tHilR ‘FUP., HEP =Pl FyHRO FEP,. (3.21)

However, the total received noise component of &’-th user at the BS contains only a single

relay’s noise contribution, plus that of the BS, yielding the FD expression of

= PLFy (FH AR + A (3.22)
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3.3.2 Subband-Based AF Relaying Combined with Subband Remapping

As we mentioned in Section 3.2.3, the total equivalent noise of the SDR topology of Figure
3.1(a), which contaminates the BS’s input signal is a function of the number of relays in the
conventional AF system. Moreover, since the SSR topology of Figure 3.1(b) forwards the
received signals of all the K users jointly from the relay to the BS, this kind of AF scheme is
unable to amplify the signal for each user differently, unless dedicated subband-amplifiers are
used. Additionally, we note for both the SDR and SSR architectures of Figure 3.1 that the
conventional AF scheme’s signals transmitted in each of the subbands are amplified by the
same factor for each user. However, provided that the S-R link was perfectly estimated, the
relay may process the received signal for each user individually in the FD. Compared to the
conventional AF scheme of Figure 3.3(a), the proposed subband-based AF scheme of Figure
3.3(b) invokes both the DFT operation and subband demapping at the relay’s receiver, while
the subband mapping and IDFT are employed at the relay’s transmitter. This arrangement
allows the signal amplification to be carried in the FD on a subband-by-subband basis.
Specifically, the relay’s signal corresponding to the k-th user is mapped to the subbands
assigned to the k-th source MT. We refer to the joint subband mapping and demapping
procedure as the subband remapping operation. By invoking the subband remapping and
amplification of each subband, the BS is capable of equalising the two-hop relay link in the
FD by a simple single-tap FD equaliser. Therefore, the proposed subband-based AF scheme

of Figure 3.3(b) aims for reducing the ISI and the noise of each user.

In this subsection, we investigate the relay carrying out subband remapping relying on the
schematic of Figure 3.3(b) and spectral plots of Figure 3.6, for the sake of removing noise
at other user’s subbands for each user and for amplifying each FD signal of the user-specific
subbands individually. The SDR and SSR topologies are considered in Sections 3.3.2.1 and
3.3.2.2 respectively.

3.3.2.1 Subband Remapping for AF SDRs

To elaborate a little further, here we propose subband-based AF relying on the subband
remapping schematic of Figure 3.3(b) and on the spectral plots of Figure 3.6 for an SDR
system. The transmitted signal of the k-th relay during TS is expressed as

syt = VRFUPBLH, V) + ", (3.23)
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FIGURE 3.6: An example of spectrum for the subband-based AF relay transceiver of Figure

3.3(b), which may be contrasted to the conventional AF relaying spectrum of Figure 3.5.

The subband remapping and subband-based amplification techniques are invoked at the

relay, in order to removing noise in other user’s subbands for each user and for amplifying
each FD signal of the user-specific subbands individually.

where ,32 and H ER’f are the k-th user’s FD amplification factor and the equivalent FDCHTF,

respectively, both of which are (N x N )-element diagonal matrices, which are formulated as

L= diag{Blo. BLi s Bhov b (3.24)

H%R’f = PfoﬂiR’tfgpk = diag{hi% f, hipi f, : hEIDEJ\f/ 1)} (3.25)

The n-th entry of ﬂfc in Eq. (3.24) is given by

Pr
gt = , 3.26
k,n Ps|h25l’f 9 2 ( )

which affects the n-th subband signal in the FD. It is important to note that the noise

contribution of the k-th user’s signal is affected at the relay as follows:
Ayt = F{PLBLPLFuii " (3.27)

where the noise imposed at all other users’ subbands are removed, as visualised in the

spectral plots of Figure 3.6.

Hence, the received signal of the k’-th user after U-point IDFT and subband demapping at
the BS during TSy and using the schematic of Figure 3.4 can be described as:

yo =/ PsHEP 8L HY V2!, + 2l (3.28)
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where the total received noise component of the k’-th user at the BS’s receiver of Figure
3.4 includes the noise contribution imposed by the &’-th relay after subband remapping plus

that of the BS, which is hence expressed as

Ayt = PLFu(HD R + ). (3:29)

3.3.2.2 Subband Remapping for AF SSRs

Considering the SSR, when the subband-based AF approach relying on the schematic of
Figure 3.3(b) and on the spectral of Figure 3.6 is implemented in conjunction with subband
remapping, the relay’s composite transmitted signal containing all the K users’ signals is

formulated as

K-1
st = > (VRFUIPBLH el + A ) (3.30)
k=0

where the n-th entry of L, HER’f and 'Fzg’t is the same as those in Eq. (3.24), Eq. (3.25) and
Eq. (3.27) for the SDR approach. Note that each user’s signal forwarded by this common
relay shares the total transmission power by obeying the power-constraint of Eq. (3.10a).
The FD processing of the SSR regime obeying Eq. (3.28) and carried out at the BS’s receiver
portrayed in Figure 3.4 during TS, is the same as for the SDR, scenario.

3.4 Frequency-Domain Equalisation for Cooperative Branches

at BS Receiver

In Section 3.3, we have investigated two different cooperative strategies conceived for both
the SDR and SSR topologies of Figure 3.1. According to [100], the main benefit of diversity is
that of coherently combining the independently fading paths, hence leading to the mitigation
of the fading effects. For the sake of achieving cooperative diversity, the amplified and
forwarded signal received by BS relying on the schematic of Figure 3.4 during TS, via the
S-R and R-D links should be combined with the signal that arrives at the BS during TS; via
the S-D link. The MMSE FDE solution of Figure 2.12(b) in Section 2.2.3 can be invoked
on each of the S-D and S-R-D links individually. Then the pair of estimated signals are
combined by equal-gain combiner (EGC) [100] in the TD, denoted as TD-EGC. In this
Section, we analysis the FDE aided TD-EGC schemes of Figure 3.4 in the SDR and SSR

user-cooperation scenarios of Figure 3.1.
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3.4.1 MMSE FDE of the Source-Destination Direct Branch

According to Section 2.2.3, the FD single-user N-symbol vector yip’f of Eq. (3.5) can be
equalised by the single-tap MMSE FDE of Section 2.2.3. The MMSE equalisation criterion
strikes an attractive trade-off between mitigating the effects of noise and ISI. Based on the
schematic of Figure 3.4, the FDE’s output vector z(Sf l)), . can hence be expressed for the &'-th

user as

P00 = P WP HIP e, Al (3.31)
where the MMSE equaliser weights are hosted by an (N x N)-element diagonal matrix
expressed as

WP = H)P [P (HY DT HY + (0} /Ps)In) ™! = diag{wfly, wily, - wiP v 1)} (3.32)

and its n-th element is given by

hSD,f

SD k'm
Whr, = . 3.33

In Eq. (3.31), the noise component 'ﬁ,(l))’f is a (IVxN)-element diagonal matrix given by
= (W3P)'ng™, (3.34)
while the power of its n-th entry is expressed as

NE, = oRlwiP 2. (3.35)

It was shown in Section 2.2.4 that the normalised MMSE and signal-to-interference-plus-
noise ratio (SINR) of the k’-th user’s signal transmitted via the S-D link may be expressed

as

1
SD
ro= = 3.36
€k N ’ ( )

N—
Z
0
W= ( Z ) ~1, (3.37)
'Yk/

respectively, where the signal-to-noise ratio (SNR) of the n-th subband is given by

Ps‘hip’f‘Q
Virn = T" (3.38)
N
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3.4.2 MMSE FDE of the Conventional AF Relaying Branch

Let us now consider the conventional AF aided MMSE FDE scheme of Figure 3.4 for both
the SDR and SSR systems of Figure 3.1. Based on Section 3.3.1, when applying the MMSE
FDE to the S-R-D branch’s received signal vector y?,D’f, the decision variables of the k’-th

transmitted symbols may be expressed as
RD,f RDf _ /B SRD,f A D,f
zk/ (WSRD Hyk./ ﬁk" WSRD HH :L'k/ + nl s (339)

where the MMSE equaliser weights are hosted by an (N x N)-element diagonal weight matrix

expressed as

-1
WSRD ﬁleSRDf[PS(B}C/)z(Hi}F{D,f)HHE}F{Df (1/P )( Df)H ]13f

(3.40)
: SRD SRD SRD
:dlag{wk/o ,’U}kll st Wy (N—1 )}
where the (n,n)-th entry is given by
SRD,f
Bt/h et
wikD = bk (3.41)

SRDf .
(B )2 gy 12+ NP,/ Py

Additionally, the noise term of Eq. (3.39) is given by ﬁ?’f = (W3RDYH ﬁ?’f. Note that for the
SDR system of Figure 3.1(a), the amplification factor 3}, is given by Eq. (3.12), while for
SSR system of Figure 3.1(b) it should be replaced by 3° of Eq. (3.19). Hence, the power of
the n-th entry on the diagonal of ﬁ?’f, namely N 1]?”, represents the normalised total power of
the equivalent noise jointly imposed by the K AF relays plus the noise directly contributed
by the BS receiver of Figure 3.4 during T'Sy. Referring to Eq. (3.17) deduced for the SDR

system, we have

K

>_A

NP =E {Tr[n? f(mD } hEnf? 4+ 0. (3.42)

q

k:0

Additionally, referring to Eq. (3.22) of the SSR system, Nll?n is expressed as

N, = 0% (B2 2 + o (3.43)

According to Section 2.2.4, the normalised MMSE eSRD of conventional AF encountered in

the relaying branch may be formulated as

1 N—-1 ND
SRD 1,n (3 44)
j: SRD,f :: SRD :
N = (6) 2|h 1P+ 1]?n/PS +17
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SRD

and the corresponding SINR ~;7*" may be expressed as

-1
TP = < Z poscia ) -1, (3.45)

—0 Tk'\n

where the SNR of the n-th subband of the relaying branch is given by

SRD,f|2
Ps(B ) hpr oy P
o = D . (3.46)
1,n

By substituting 5}, of Eq. (3.12) into Eq. (3.46), we arrive at

UNﬁN,k',n

SRD __

Ve ; (3.47)

where we introduced the noise enhancement factor denoted by (N i/, within the n-th sub-

band of the k-th user. Specifically, we have:

Pr Z |hRD f2 —|— Py |hSRt|2 + 0%, for the SDR system;
BNk = { N (3.48)

PR]hRD f\2 +30 hiRtlz + 0%, for the SSR system,

where BiR’t was defined in Eq. (3.13).

3.4.3 MMSE FDE of the Subband-Based AF Relaying Branch

Similar to the conventional AF scheme of Section 3.4.2, the MMSE FDE of subband-based
AF relaying relying on subcarrier remapping procedure of Figure 3.3(b) can be carried out
as follows. By applying the MMSE FDE scheme of Section 2.2.3 to the k’-th user’s FD
received signal yE/D’f in Eq. (3.28), we have

zE/D,f _ W(WSRD)HHng k’HE’R 93/« + N "D f’ (3.49)

where %, is given in Eq. (3.24) and we have n1 = (WERD)Hp, Df The MMSE equaliser
weights W%}RD are hosted by an (N x N)-element diagonal matrix given by

RD.f SR,f
WSRD B Hk/ f]‘CI-H]{:/ 1
k' - )
% [ (HR/D,f)HHR/D,f( 2’)H £ (HSRf)HHSRf +(1/Bs)(R Df)H Df]
= diag{wpy, wirs - wpr v b
(3.50)
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while the n-th element of W%RD may be expressed as

RD,f SR,f
BEs i by

RD 5 ST )
(Bro )2 12| s |2+ NP/ Ps

i -

(3.51)

where ﬁli, ,, is given by (3.26) and the noise power of the n-th entry in the diagonal of ﬁll)’f
in Eq. (3.27) and (3.29) is given by

RD,f
N, = 0% (B o) [ 1P+ 0% (3.52)

Therefore, we are now ready to derive the normalised MMSE for subband-based AF on the
S-R-D branch, which is given by

ND

N—
1
ep? —Z - Z (3.53)
RD,f SR,f SRD .
N =5 Ps(BY ) g 2 i !2+N%? =0 Ti'n

Additionally, the SNR on the n-th subband in the relaying branch is given by

RD,f|2|1.SR,f|2 -1
sro BB ) g Pl |:<1 1)

T/ = SR T ZED
Nl,n Vk’,n fyk’,n

(3.54)

where the k’-th user’s SNR on the n-th subband of the S-R and R-D links may be expressed

as

i, = Pleall (3.55)
N
(/BIE:/ )2‘hRD7f’2 PSPRVLSR f‘ ’hRD7f‘2
WD = — (3.55b)

SR,f|o SR, f
ok /(Bslhp?)  oR(Pslyriyl? + o%)
respectively.

Consequently, by substituting Eq. (3.54) into Eq. (3.45), the k’-th user’s SINR across the

whole spectral band of the relaying branch can be expressed as

—15 —1

N-1 -1 N-1 -1
[ 1 1 1 1 1
Tt = NESRTH =02 st ) —1. (3.56)

o Vet Vo

)

3.4.4 Time-Domain Equal-Gain Combining

According to [100], the time-varying output SNR at a receiver equipped with multiple re-

ceive antennas may be different to that of the individual receiver branches. However, the
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low-complexity equal-gain combining (EGC) constitutes a simple linear diversity combining
technique, which is capable of combining all the signals gleaned from N, branches without
the knowledge of the time-varying SNR of each branch. This implies that the n,-th branch’s
weight can be expressed as w,, = e 7% where 6, is the phase of the signal received by
the n,-th branch. Let y, and N, denote the signal and the equivalent noise power com-
ponent of the n,-th branch at input of the combiner, which leads to the total received SNR

expressed by [100]
2

2
Ny—1 Ny—1
anr:() wnrynr ‘Zn::(] er
e = N1

2 - Ny—1 :
an:(] wnanr zn::o Nnr

(3.57)

However, since the MMSE FDE may not entirely remove the residual ISI, the resultant
estimated signals of both the direct and relaying branches remain contaminated both by
ISI component as well as by the noise. Furthermore, since the N-point IDFT transforms
the signals estimated by the FDE to the TD before combining the two branch signals, due
to the nature of the IDFT operation, the power of each TD symbol in the N-length signal
vector can be quantified by the average power of all NV elements of FD signal vector. Thus,
it is the SINR at the EGC’s output that should be evaluated instead of the SNR, where the
power of the TD signals including the desired symbol, the ISI and the noise components of

each branch can be calculated respectively.

Specifically, we have the TD signal vector after the N-point IDFT of Figure 3.4 on the direct

and relaying branches given by

SD,t H _SD,f SD,t ~Dt

20 = Fnzy =A) w4y, (3.58)
RD,t H _ _RD,f RD,t _t ~Dt

Zk/ = szk/ = Ak/ (Ek./ + nl s (359)

where ziP’f is the FDE output signal of the S-D link given by Eq. (3.31), and z?,D’f is that
of the S-R-D relaying link given by Eq. (3.39) for the conventional AF scheme of Figure
3.3(a) or by Eq. (3.49) for the subband-based AF scenario of Figure 3.3(b). Since we
have AiP’t = fﬁAiP’f]—'N and A?/D’t = fﬁA?/D’ffN, where Ai?’t, A?,D’t are both (NxN)-
element circulant interference matrices of the desired signal, where the gains between the

desired signal 2}, and the estimated signals zi?’t and zE,D’t are given by the diagonal elements

SD,t HDE of AP and ARP, respectively.

s,y 204 Qg G

As we studied in Section 2.2.4, it is worth noting that the gains in the TD are identical
within each signal vector, where the n-th entry of the diagonal matrix Ai?’f of the direct
branch is given by

SD,f PS|h§}?ﬁf|2

a = .
k', (n,n SD,f
(n.n) PS’hk/ ’2 + 0'12\1

,n

(3.60)
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By contrast, the n-th entry of the diagonal matrix AE,D’f of the relaying branch may be

calculated for the conventional AF aided SDR system as

SRD,f
RD,f . PS(ﬁ]tg’)2|hk/,n |2

Qs (nyn) = SRD,f
(n,n) Ps(ﬁ]tgl)Q‘hk/,n 24+ ND

(3.61)

where 3, is given by Eq. (3.12), WP is given by Eq. (3.40) and NP, is given by Eq. (3.42).
Furthermore, when considering the conventional AF aided SSR system, B is replaced by
B¢ of Eq. (3.19) and N{?n is given by Eq. (3.43). When we consider the subband-based AF
method of Figure 3.3(b) in Section 3.4.3, we have

RD,f|2,; SR,f|2
RDf PS(BIfc’, ) ‘h ‘ ’h ’

A = RD,f|9,7 SR,f )
) Py, )2 R |hk,,n|2 NP,

(3.62)

where W%}D‘D, ﬁ,ﬁ, ,, and Nll?n are given by Eq. (3.50), Eq. (3.26) and Eq. (3.52) respectively.

Hence, the gain of the direct branch may be expressed as

N-1

Dt SD,t 1 SD,f
Qs J(n,m) T = _T [Ak’ } = N ak’,(n,n)’ (363)
n=0
and that of the relaying branch is given by
1 V-1
GRDt RD,t RD,f
apt = —Tr AR = 5 S (3.64)
=0

Moreover, the output signal of the EGC can be expressed as

2}, = zEP oy z?,D v = AL 2t 4 Al (3.65)
where A}, = Ai?’t + AED’t and 7}, = ﬁOD APt Specifically, Al is a (N xN)-element
circulant matrix of the desired signal, where the gain between the desired signal and the
combined estimated signals of the two branches is given by the diagonal elements of Af,,
which are identical in the TD. Thus, the power of the desired signal at any instant is given

by
2

1 2 1
S S} S S Rt o) I

Additionally, the power P of the combined estimated signal, which is equal to the power

Pjes of the desired signal plus the power Pigr of the ISI component, is given by the diagonal
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elements of the covariance matrix of the combined estimated signal A} z},, yielding

N-1
1 Ps Z SD,f RD,f
Pest - NTI‘ {E [Az/x};/(x};/)H(At/)H]} — W (ak’,(n,n) + ak’7(n,n))2' (367)
n=0

Since we have 'ﬁ,lg’t =F %ﬁOD’f and 'fz?’t =F %'ﬁ?’f, the power of the noise that contaminates
the desired signal at both the direct and relaying branch is given by the diagonal elements

of the covariance matrix 7}, in Eq. (3.65), yielding

N-1
- 1

1 . . .
N = T {Elfb (a5) 1)} = > {0, + 4D, } (3.68)
n=0
where Né?n is shown in Eq.(3.35) while Nll?n = Nll?n|wl§/%?|2 denotes the power of the n-th
entry of the diagonal matrix, and w,%,l?”r? and ./\/1]?” are given by Eq. (3.42) and Eq. (3.41) in
the Section 3.4.2.

Finally, we arrive at the k’-th user’s total equivalent SINR for the proposed systems ex-

pressed as

Pdes
Pest _Pdes +ND

Ve = (3.69)

3.5 Simulation Results and Discussions

In this section, we provide a range of simulation results for characterising the achievable bit-
error rate (BER) performance of the single-relay assisted SC-FDMA system based on the
different cooperative approaches investigated. We assume that the transmitted signals are
binary phase-shift keying (BPSK) modulated without channel coding, when communicating

over frequency-selective Rayleigh fading channels in the absence of large-scale fading.

3.5.1 Performance of Single-Relay-Assisted Cooperative SC-FDMA

In this section, we provide performance comparisons between the conventional AF scheme
of Section 3.3.1 and the subband-based AF scheme of Section 3.3.2, when the BS’s receiver
invokes the TD-EGC scheme of Figure 3.4 relying on the MMSE FDE. The performance of
the non-cooperative direct transmission (DT) based SC-FDMA system is our benchmark.

Our parameters are summarised in Table 3.1 and Table 3.2.

Figures 3.7 and 3.8 characterise the BER versus Ej, /Ny performance of both the conventional
AF (on the left) and of the subband-based AF (on the right) aided SDR assisted SC-FDMA
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TABLE 3.1: Channel modelling of single-relay aided cooperation

Topology SDR or SSR
S-D, S-R, R-D channels Frequency-selective Rayleigh fading
Power delay spread Uniform
Shadowing Absent
Path-loss Absent
Channel correlation Uncorrelated
Power control Perfect
Number of CIR taps (paths) L=1,4,8

TABLE 3.2: Resource allocation for single-relay aided AF cooperative SC-FDMA

Subband mapping Interleaved
Subband allocation Static
Number of subbands per user N =48
Bandwidth expansion factor M =16,8
Total number of subbands U=64
Number of users (source MTs) K=1,2,4,8,16
Number of BS receiver antennas N, =1
Total transmit power per user P,=1
Source transmit power per user SDR: Ps = 0.5
SSR for K =1: Ps=10.5

SSR for K >1: Ps=1-1/K

Relay transmit power per user SDR: Pr = 0.5
SSR for K =1: P =0.5

SSR for K > 1: Pr = 1/K

system, when using the MMSE FDE based TD-EGC for different number of users K and
for L CIR taps. Furthermore, we have N =4, M =16, L =1,4and N =8 M =8,L =1,8.

Observe in Figures 3.7(a) and 3.8(a) that a cooperative diversity gain is achieved by the
conventional AF aided SDR scheme for a single-user system communicating over single-path
fading channels. By contrast, observe in Figure 3.7(c) and 3.8(c), that for the multi-path
scenario of L = 4 and L = 8, cooperative diversity gains are only achieved at high SNRs
for a single-user scenario. Moreover, as a consequence of the excessive noise imposed by the
relays of the K users across all subbands, the cooperative diversity gains of the SDR, scheme
are eroded in a multi-user scenario, when K is increased. Additionally, compared to the
single-path scenario, the multi-path diversity gain provided by frequency-selective fading is
retained, regardless of the number of users. The maximum diversity gain was achieved for
L =4, when we had N = 4, as shown in Fig. 3.7(c), and for L = 8 when we had N = 8, as
quantified by Fig. 3.8(c).

In the subband-based AF aided SDR scenario we only had single relay that contaminated
the signal by the AWGN, as stated in Subsection 3.3.2. Thus, the multi-user performance
of the subband-based AF aided SDR approach is the same as that of the single-user case



66 SINGLE-RELAY ASSISTED AF COOPERATIVE SC-FDMA

) SC-FDMA SDR Conventional AF (N=4, M=16, L=1) ) SC-FDMA SDR Subband-based AF (N=4, M=16, L=1)
s | Non-FEC, BPSK, MMSE-FDE TD-ECG |~ | == DT s | Non-FEC, BPSK, MMSE-FDE TD-ECG || == DT
‘ — SDR — SDR
2| 2
10" E 10t E
5 5
: : S
107 10 = —
x 5 SN x 5 —
B~
a8 , N, a8 , Ra ~—
10° —\E\&x 10° \
5 Y 5 %
S =
2| » K=1 © 2
10 | L K=2 N 10*
5| O K=4 s EN
A K=8 A = K=1 >
2| o K=16 & K=16
10—5 I I I I 10 I I I I
0 5 10 15 20 25 0 5 10 15 20 25
Ey/No (dB) Ey/No (dB)
(a) Conventional AF for L =1 (b) Subband-based AF for L =1
) SC-FDMA SDR Conventional AF (N=4, M=16, L=4) ) SC-FDMA SDR Subband-based AF (N=4, M=16, L=4)
s | Non-FEC, BPSK, MMSE-FDETD-ECG || == DT s | Non-FEC, BPSK, MMSE-FDE TD-ECG || == DT
— SDR — SDR
2] 2
10t E . 107 F—

-—

N
10° 10° “ S
5 5 \‘\
2| » K=1 2 AN Ny
4 = -4 \
' gii w0t \\
A K=8 * K=l
2|0 K=16 ‘ 2| 0 K=16 ‘ \“\
10 0 5 10 10 0 5 10 15 20 25
Ey/No (dB) Ey/No (dB)
(c) Conventional AF for L =4 (d) Subband-based AF for L =4

FIGURE 3.7: BER versus E;/Ny performance of the conventional AF and subband-based

AF aided SDR systems of Figure 3.1(a), respectively, when the BS’s receiver invokes MMSE

FDE assisted TD-EGC of Figure 3.4 upon varying the number of users K for N =4, M =
16, respectively. The system parameters were summarised in Table 3.1 and Table 3.2.

supported by a single relay, where we have L = 1,4 and 8, as shown in Figures 3.7(b),
3.7(d), 3.8(b) and 3.8(d). On the other hand, a cooperative diversity gain is attained also
in a multi-user scenario when communicating over a single-path fading channel for L = 1,
which can be preserved for transmission over multi-path channels, provided that the SNR
is sufficiently high, as shown in Figures 3.7(b) and 3.7(d). Since the subband-based AF
scheme has a similar effect as a FDE invoked at the relay, plus the MMSE FDE employed
at the BS for the entire relay branch, both the noise imposed by the relay as well as the
IST imposed by the multi-path components have been suppressed at the BS. Hence, as
demonstrated by Figures 3.7 and 3.8 the achievable performance becomes better than that
of the corresponding single-user performance of the conventional AF aided SDR, scheme,

where the same amplification factor was applied to all the subbands.

Let us now discuss the performance of both the conventional AF as well as of the subband-
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FIGURE 3.8: BER versus E;/Ny performance of the conventional AF and subband-based

AF aided SDR systems of Figure 3.1(a), respectively, when the BS’s receiver invokes MMSE

FDE assisted TD-EGC of Figure 3.4 upon varying the number of users K for N = M = 8.
The system parameters were summarised in Tables 3.1 and 3.2.

based AF aided SSR systems upon varying the number of users K, which is illustrated in
Figure 3.9 and Figure 3.10, for N = 4, M = 16,L = 1,4 and N = 8 M = §,L = 1,8,

respectively.

Observe in Figures 3.9(a), 3.9(c), 3.10(a) and 3.10(c) that a cooperative diversity gain of
5—8dB or 6—8dB is achieved by the conventional AF aided SSR system for transmission over
a single-path channel for N =4, M =16, L=1or N =8, M =8, L =1 at a BER of 1073,
However, since the multi-path diversity gain is high, when we have N =4, M = 16,L =4
or N =8 M = 8, L = 8, the cooperative diversity aided performance is eroded by the

interference inflicted by the dispersive channel.

By contrast, the performance recorded upon varying the number of users supported by the

subband-based AF aided SSR approach is characterised in Figures 3.9(b) and 3.9(d) as
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FIGURE 3.9: BER versus E;/Ny performance of the conventional AF and subband-based

AF aided SSR systems of Figure 3.1(b), respectively, when the BS’s receiver invokes MMSE

FDE assisted TD-EGC of Figure 3.4 upon varying the number of users K for N =4, M =
16. The system parameters were summarised in Tables 3.1 and 3.2.

well as in Figures 3.10(b) and 3.10(d) for both N = 4, M = 16, L = 1,4 as well as for
N =8, M =38, L = 1,8, respectively. Compared to the corresponding conventional AF
aided SSR scheme of Figures 3.9(a), 3.9(c), 3.10(a) and 3.10(c), the cooperative diversity
gain was increased by both the single-user and multi-user system in Figures 3.9(b), 3.9(d),
3.10(b) and 3.10(d), when employing the subband-based AF aided SSR scheme, particularly
in a multi-path environment. This is expected, because in addition to the beneficial fading
mitigation effect of multi-path diversity, the ISI imposed by the dispersive channel was also
suppressed by including the subband-based AF scheme of Figure 3.3(b) at relay and MMSE
FDE of Figure 3.4 at the BS. The achievable cooperative diversity gain ranges from 5 — 8dB
for N = 4,M = 16,L = 4 at a BER of 107%, as shown in Figure 3.9(d). By contrast, for
the case of N =8, M = 8, L = 8, observe in Figure 3.10(d) that the achievable cooperative

diversity gain remains as low as 1 — 2dB at a BER of 1074 in the multi-user environment.
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FIGURE 3.10: BER versus Ejp/Ny performance of the conventional AF and subband-based

AF aided SSR systems of Figure 3.1(b), respectively, when the BS’s receiver invokes MMSE

FDE assisted TD-EGC of Figure 3.4 upon varying the number of users K for N = M = 8.
The system parameters were summarised in Tables 3.1 and 3.2.

Additionally, since no path-loss is considered, the DT may be the best in comparison to the
AF relaying, when the Ej/Ny is up to 15 as shown in Figure 3.8(c) and Figure 3.10(c) for

example.

3.6 Summary

In this chapter, we investigated the AF aided fixed-relay assisted cooperative SC-FDMA
scheme using IFDMA signalling. Both the SDR and SSR topologies of Figure 3.1 were
considered, when the multi-user systems have either K relays, so that each of them is
dedicated to a single user, or the systems have insufficient relays, when the relays have to
be shared by multiple users. In this chapter, two types of AF relaying schemes were studied

for both the SDR and SSR topologies, namely the conventional AF scheme of Figure 3.3(a)
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TABLE 3.3: Power reduction in terms of SNR gain per bit ’ybA of the various single-relay

assisted AF schemes for the cooperative SC-FDMA uplink compared to the DT benchmark,

when communicating over frequency-selective fading channels. The schemes are listed in
descending order of complexity.

b N=L=4,K=16 | N=L=K =28
72 (dB) SDR SSR | SDR SSR
Subband-based AF 8 5 2 1
Conventional AF 0 3 -3 0

and the proposed subband-based AF scheme of Figure 3.3(b). Specifically, the proposed
subband-based AF relaying scheme of Section 3.3.2 was designed for the sake of imposed
noise suppression at the relays. Furthermore, the MMSE based FDE of Figure 3.4 was
employed separately for both the direct- and relaying-channels. Then the decision variables

generated were combined by the simple TD-EGC of Figure 3.4.

The performance results of Figures 3.7 to 3.10 demonstrated that the proposed single-relay
assisted cooperative SC-FDMA schemes are free from MUI at the relays, when communicat-
ing over frequency-selective fading channels. The IFDMA signalling scheme of Figure 2.9(b)
is capable of providing a significant frequency diversity gain for the cooperative systems,
where cooperative diversity may be achieved for both topologies in both single-path and
multi-path fading channels. As a result, the subband-based AF scheme of Figure 3.3(b) is
capable of achieving a multi-user performance, which is better than that of the conventional
single-user AF protocol of Figure 3.3(a) operated in a multi-path environment, which is an
explicit benefit of the subband-based AF scheme as well as that of noise suppression capa-
bility of the relay. It can be shown that the achievable power reduction may be up to 8 dB
at a BER of 10™%, when compared to the DT benchmark. Finally, Table 3.3 summarises the
power reduction in terms of the SNR gain per bit ’yg recorded at the BER of 10~ for the
various single-relay assisted AF schemes of the cooperative SC-FDMA uplink compared to
the DT benchmark, when experiencing frequency-selective fading. The schemes are listed

in descending order of complexity.

In the next chapter, we will consider dynamic relaying scenarios, where both relay selection
schemes and power allocation schemes will be conceived for the cooperative SC-FDMA

systems in the presence of path-loss and shadowing.



Chapter

The Opportunistic
Amplify-and-Forward Cooperative
SC-FDMA Uplink

4.1 Introduction

Cooperative communication [31] systems have attracted the attention of both academia and
industry in recent years, since they are capable of achieving a diversity gain in large-scale
fading environments by sharing the resources of the cooperating user terminals. This allows
us to jointly exploit the benefits of both time- and frequency-diversity for the sake of mitigat-
ing the deleterious effects of wireless propagation and/or for increasing the attainable system
throughput and energy-efficiency [39,40,43,46]. Recently, the family of cooperative diver-
sity oriented multiple-access and virtual multiple-input multiple-output (MIMO) aided mul-
tiplexing techniques has been invoked in order to design the uplink of advanced cooperative
cellular networks [63,64,174]. Furthermore, the cooperative concepts have been extended to
broadband systems by designing techniques for mitigating the effects of frequency-selective
fading with the aid of multi-carrier techniques associated with appropriate source/relay

power allocation [80,175].

From a multi-user networking perspective, the cooperative link spanning from the source
mobile terminals (MT) to the base station (BS) can be determined by choosing either a single
or multiple relays [33] from a cluster of idle MTs. Generally, static relay selection (SRS)
assigns the relays for the entire duration of a session, hence the achievable gains depend
on the velocity of the cooperating nodes. Furthermore, the random relay selection (RRS)

philosophy allows the BS to appoint a relay randomly without any channel knowledge, but in
71
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this scenario the simultaneous relay-aided path-loss reduction and selection diversity gains
remain limited. By contrast, the so-called distance-dependent relay selection [64] policy
is based on the distance from the relay to the source MT or BS, hence the relays which
benefit from a high path-loss reduction may experience deep shadowing and fast fading.
However, the channel-dependent relay selection regime benefits from a certain degree-of-
freedom owing to selecting inactive MTs as relays by monitoring the instantaneous channel
conditions in a distributed scenario, including the associated path-loss, shadowing and multi-
path fading effects. Therefore, it is also known as opportunistic relaying [65], which is capable
of exploiting the selection diversity that we refer to as multi-user diversity arising from
appropriate relay selection [16,66,67,81]. However, the low-quality direct link between the
source MT and the BS may be ignored in the context of opportunistic relaying. Nonetheless,
if the knowledge of direct link’s quality is available, the signals received from both the direct
link and from the opportunistic relaying links may be beneficially combined at the BS for
the sake of achieving a cooperative diversity gain. We refer to this regime as opportunistic

cooperation (OC)! [176-181].

The single-carrier frequency-domain multiple-access (SC-FDMA) technique [125] was adopted
for the uplink of the Third Generation Partnership Project’s (3GPP) Long Term Evolution
(LTE) standard [35]. Falconer et al. [94,114] combined single-carrier modulation with both
linear and non-linear frequency-domain equalisation (FDE) [171] techniques for high-rate
broadband receiver solutions. Furthermore, the SC-FDMA uplink scheme of Section 2.2
and the discrete Fourier transform (DFT)-spread orthogonal frequency-division multiple-
access (OFDMA) transmitter structures using either the interleaved or localised subband
mapping schemes of Section 2.2.2 were studied in [91,102]. SC-FDMA was shown to be
capable of avoiding the multi-user interference (MUI) imposed by the cooperative sources
and relays upon the uplink receiver of the BS, while maintaining a low peak-to-average power
ratio (PAPR).

In Chapter 3 [182], the amplify-and-forward (AF) single-relay assisted SC-FDMA uplink
scheme was proposed for both the single-dedicated-relaying (SDR) and single-shared-relaying
(SSR) scheme of Figure 3.1. The AF relay estimates the received power of each subband
and equalises the power-differences of the subbands, which corresponds to the subband-
based equalisation regime of Figure 3.3(b). By inheriting the features of the SC-FDMA
system invoking DFT-spread OFDMA-style transmitter of Figure 3.2, this relaying scheme
invokes subband remapping of Figure 3.6 at the relay in order to remove the effects of
both noise and interference inflicted by other relays. This is achieved without changing the

frequency band of the signals transmitted from the source MT as detailed in Section 3.3.2.

In this chapter, we assume that the direct link is available, hence we use the terminology of ’opportunistic
cooperation’. In Chapter 5, we will assume that the direct link is unavailable, therefore we will use the
terminology of 'opportunistic relaying’.
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An orthogonal frequency-division multiplexing (OFDM) [55] scheme of Figure 2.1 relying
on time-division multiplexing based cooperative relaying and using the minimum mean-
square error (MMSE) assisted frequency-domain linear equalisers (FD-LE) of Figure 3.4 in
Section 3.4 was proposed in [183]. However, in [182] and [183], the MMSE FD-LE operated
in isolation for the direct and relaying branches, which were then combined with the aid
of the time-domain equal-gain combiner (TD-EGC) of Figure 3.4 in Section 3.4. In [118,
120, 184-186], adaptive linear FDEs relying on diversity combining schemes were invoked
for either multiple-antenna aided single-carrier or for OFDM-based block transmissions.
Furthermore, in [187-189] a range of receive diversity combining techniques designed for
SC-FDMA and relying on cooperative relays were considered by stipulating the idealised
simplifying assumption that the relays demodulate/detect the source signals perfectly, before

forwarding them to the destination.

e Although the authors of the above-mentioned articles proposed various FDEs amal-
gamated with diversity combining schemes designed for MIMOs, for OFDM or for
relaying systems, owing to the potentially non-white noise contribution of AF coop-
erative relaying, the equivalent noise encountered at the BS’s receiver also becomes
non-white. Furthermore, we typically encounter a different noise power at each coop-
erative branch, hence the conventional mazimum ratio combiner (MRC) [100] becomes
sub-optimal, unless noise whitening is adopted. To the best of our knowledge, no ar-
ticle investigated the joint design of the linear single-tap MMSE FD-LE amalgamated
with the diversity combiner of the direct- and relay-link using noise-whitening for the
AF relaying assisted SC-FDMA uplink.

e Since finite-delay power control schemes using a discrete step-size cannot perform
perfectly in realistic wireless uplink transmissions, the source/relay power allocation
employed imposes a time-varying level of power control error (PCE) [190]. In [63,80,81,
175], various relay selection and source/relay power allocation schemes were proposed
and studied, but no such schemes were designed for the cooperative SC-FDMA uplink

under imperfect power control with the goal of improving the energy-efficiency.

e The authors of [191-193] studied various relay selection schemes designed for both
OFDM and code-division multiple-access (CDMA) systems subjected to both path-loss
and multi-path fading. However, cooperative relaying allows the collaborating mobiles
to avoid the typical diversity gain erosion imposed by shadowing effects, as a benefit
of their geographically separated locations. Hence we embarked on investigating the
benefits of relay selection for our system in the presence of shadow fading, whose impact
on the energy-efficiency of cooperative SC-FDMA systems has not been documented

in the open literature.
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In this chapter, we propose and investigate energy-efficient OC schemes designed for
SC-FDMA arrangements. The joint frequency-domain equalisation and diversity
combining (JFDEC) aided receiver is designed for detecting the cooperative SC-FDMA up-
link signals. Both single-user relay selection (SU-RS) and multi-user relay selection
(MU-RS) as well as multiple-access relay selection (MA-RS) are considered in diverse
OC scenarios. By contrast, in [194] only the SU-RS and MU-RS schemes based on the
JFDEC receiver were studied in the context of the SDR topology.

o Furthermore, in contrast to the open literature, our focus is mainly on the analysis of
the energy-efficiency of the cooperative SC-FDMA system, where the energy-efficiency

is quantified in terms of energy consumption gain (ECG)?.

o The MMSE criterion aided JFDEC scheme considered in [194] is further detailed,
which amalgamates the design of the linear single-tap MMSE FD-LE and that of the

diversity combiner of the direct- and relay-link with noise whitening applied at the BS.

o Furthermore, we investigate the MA-RS scheme created by generalising both the SU-
RS and MU-RS philosophies developed from the SDR to SSR topologies of Figure 3.1,
where the relative merits of the SU-RS, MU-RS and MA-RS schemes are discussed
in the light of their complexity. The effects of imperfect power control® are also

quantified.

o Additionally, we demonstrate that upon encountering a realistic propagation path-loss
and shadowing, a significant relaying-assisted path-loss reduction and selection
diversity gain are attainable by the proposed optimal power allocation (OPA)*
aided SU-RS, MU-RS and MA-RS schemes, which allows us to reduce the required
signal-to-interference-plus-noise ratio (SINR) for the sake of improving the per-
formance of ECG. Finally, the practicability and feasibility of various power allocation

schemes are discussed in terms of their computational complexity.

This chapter is organised as follows. In Section 4.2, the system model of the cooperative SC-
FDMA uplink is presented. In Sections 4.3 and 4.5, we outline the improved signal detection
and investigate the relay selection schemes, respectively. The attainable performance of our
proposed schemes is quantified by the simulation results of Section 4.6. Finally, we conclude

in Section 4.7.

2 As the metric of comparing two different systems, the ECG is simply defined in [1] as the ratio of energy
consumption per bit by a reference system divided by that of a proposed system under test, where the absolute
measure of energy consumption per bit is defined as the peak power divided by the maximum throughput.

3PCEs are imposed on the MT’s transmit power due to the feedback delay and estimation errors at the
BS.

4Optimised transmit power allocation of cooperative MTs is assigned by the BS via feedback channel by
ignoring PCE.
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FIGURE 4.1: Transmitter schematic of the SC-FDMA source MT. This figure was repeated

from Figure 3.2 for convenience. The corresponding TD and FD signals using IFDMA

scheme were seen in Figure 2.10(b) and Figure 2.11(b), respectively. The transceiver

schematic of the relay is portrayed in Figure 4.3 while the corresponding receivers at the
BS is shown in Figure 4.4.

4.2 Relay Assisted SC-FDMA System Model

4.2.1 Transmitted Signal of Source MT

The relay-assisted SC-FDMA system considered supports K uplink users referred to as the
source MTs in a cell. There are also idle terminals, which can be activated as the relays. The
transmitter’s block diagram is seen in the Figure 4.1. The U-symbol baseband equivalent
discrete-time signal transmitted by the k-th source MT before inserting the cyclic-prefix

(CP) was given in Eq. (3.2) and expressed as

sy" =/ PSFHPF yal, (4.1)

where the superscript ' refers to the time-domain (TD) signal, while Fy; and Fx denote
the normalised U-point and N-point DFT matrices in the form of Eq. (2.2), respectively.
Furthermore, Py represents the mapping of the k-th user’s symbols to the most appropriate
N subbands selected from the entire set of U = M x N subbands, where M is the bandwidth
expansion factor as seen in the FD plots of Figure 2.9. We refer to this operation as subband
mapping, which relied on the schematic of Figure 2.8(b). In the FDMA context considered
this subband mapping regime guarantees that the maximum number of orthogonal FD users
supported is equal to the bandwidth expansion factor, i.e. we have K<M, and the multi-
user system operates at its full-load, when we have K = M. Moreover, according to Section
2.2.2, the interleaved subband mapping mode of Figure 2.9(b) used in our system is defined
as Py (i) = 1 if u=14iM + k, otherwise Py, (, ;) = 0,(0 <u <U — 1,0 <i < N — 1), where
Pk (un) 18 the (u,n)-th entry of Py and we have v = 0,1,--- , U -1, n=0,1,--- ,N — 1.
Additionally, }, denotes the original N-symbol information packet of the k-th user. Finally,
P,f’ is the source MT’s transmitted power determined by the power allocation, which is

always subject to a certain PCE in practice as it will be discussed in Section 4.2.2.
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FIGURE 4.2: Schematic of two-dimensional (2D) relaying map. The source-relay (S-R)

distance 031 and relay-destination (R-D) distance &P are normalised by the S-D distance.

4.2.2 Channel Modelling and Assumptions

For the sake of simplicity, we assume that all the source MTs, the relays as well as the BS
are aligned within a line, and the relays are geographically distributed and roaming between
the source and destination along this line as shown in Figure 4.2. Let us assume that the
length of the source-destination (S-D) link is the reference distance in the propagation model
having a path-loss exponent of n [100]. Then, the instantaneous path-loss values of the relay
channels for the user k, which are denoted by G for the source-relay (S-R) and GRP for
the relay-destination (R-D), respectively, become the corresponding relaying-assisted path-
loss reductions, referred as relaying gain, incorporating the effects of the average path-loss
combined with shadowing. Specifically, the average path-losses of the S-R and R-D links
are denoted by (5ER)*’7 and (5,1313)*’7, respectively, where 5,§’R + 5,1313 = 1, and 5E’R and
5,1;‘1) represent the S-R and R-D distances normalised by the S-D distance. The shadowing
component is characterised by the log-normal distribution associated with a zero mean
and a standard deviation of o¢, i.e. we have £(dB) ~ N(O,ag). Therefore, we can write
GER = £SR(5,§R)_", GED = fRD((S?D)_”, while the shadowing effect at the S-D link is
denoted by &sp [195].

We consider a small-scale fading scenario, where the system experiences frequency-selective
fading associated with L paths. However, each subcarrier is assumed to experience flat
fading. We assume that perfect channel state information (CSI) is available for both the
relays and the BS, including the path-loss, shadowing and small-scale fading.

Furthermore, in order to guarantee a fair comparison between the cooperative and direct
transmission (DT) systems, the total signal power P of each user is normalised to unity.
Specifically, the source and relay MTs’ transmit power assigned to the k-th user are quan-
tified as PE = egagP and P,? = GEQEP, respectively. The imperfect power control effects
imposed on the transmitted power of the MTs can be evaluated by modelling it using the
classic log-normally distributed PCE having a standard deviation of o, in dB, i.e. we have
e(dB) ~ N(0,02) [190]. Additionally, based on Eq. (3.1), we quantify the power constraints
of the source and relay as

of +af =1, (4.2)
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FIGURE 4.3: Transceiver schematic of the subband-based AF relay designed for matching

the source transmitter of Figure 4.1 and destination receiver of Figure 4.4. The correspond-

ing TD/FD plots are seen Figure 2.10(b) and Figure 2.11(b). This figure is repeated from
Figure 3.3(b) for convenience.

where a% and 045 represent the power allocation between the source and relay. Note that
in the SSR topology of Figure 3.1(b), the single-relay simultaneously transmits all the K

users’ signals, while obeying the power constraint given in Eq. (3.10). Hence we arrive at

K—

—_

al =1. (4.3)
k=0

4.2.3 Relaying Models

In order to separate multiple users in the frequency-domain (FD) and hence to avoid the
MUI, each source MT is assigned a single relay by the BS according to the opportunistic
cooperation (OC) mechanism to be detailed in our forthcoming discourse in Section 4.5.
The block diagram of the subband-based AF relay model of Section 3.3.2 is shown in Figure
4.3. We assume that the cooperation is half-duplex time-division based. Hence during
the first time-slot (TSp) all the K source MTs broadcast their messages represented by
sk ,(k=0,1,--- , K —1), which are received by both the relays and the BS via the S-R and
S-D links, respectively. During the second time-slot (T'Sz), which is the cooperation-phase,
we consider both the SDR and SSR scenarios.

In the SDR system of Figure 3.1(a) we investigated in Section 3.2.3, the relays only forward
the signals from the dedicated source MT to the BS via the R-D links, implying that a total
of K relays are required for K source MTs. Based on Eq. 3.8 and taking the relaying gain
into account, the signal received by the k’-th relay (k' =0,1,--- , K — 1) as well as by the
BS during TS; and TSs, respectively, are expressed by the U-length vectors of

K-

rit = /GSR Z HM S it (4.4a)
k=0
K-

PPt = /GRD ZHRDtSS,t At (4.4b)
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where the (UxU)-element circulant matrices H ER’t and H S/D’t in the form of Eq. (2.5)
host the TD channel impulse response (CIR) of the S-R and R-D links for the k-th and
K'-th source MT’s signals, respectively. In Eq. (4.4), 'ﬁ,g’t and ﬁll)’t represent the U-length
complex-valued additive white Gaussian noise (AWGN) vectors having a zero mean and a
variance of o at each element, i.e. we have CN(0,0%) at both the k-th relay and the BS,

respectively.

Alternatively, as we discussed in Section 3.2.4, a single relay may be shared by K source MTs
to form a SSR uplink of Figure 3.1(b). Therefore, based on Eq. (3.9), the representation of
the signals received at the relay and BS benefited from the relaying gain is given by

K-1
PR — /GER Z ﬁiR’tsi’t + iR, (4.5a)
k=0
PPt /GRDFRDtgRt | 5Dt (4.5b)
1= k 1o '

where all the K source signals are embedded in the forwarded messages, which is denoted
by sft.

By invoking the subband-based AF scheme of Figure 4.3, the relay’s received TD signals
are firstly transformed to the FD by the U-point DFT operation and then demapped to
the appropriate N subbands by PZ, which we refer to as subband demapping characterised
by the FD plots of Figure 3.6. According to Section 3.3.2, each user’s resultant signal is
multiplied by the (N xN)-element diagonal matrix given by

132; = diag{ﬂlio’ ﬁlil) e aﬂ]i(N—l)}? (46)

which is repeated from Eq. (3.24) for convenience. In Eq. (4.6), the n-th element is the
specific gain factor of the n-th subband given in Eq. (3.26). When considering on the

relaying gain, we arrive at

SR,f
B = JPE/PEGER RS + 03], (4.7)

Then the relay’s signal corresponding to the k-th user is mapped to the subbands assigned
to the k-th source MT. We refer to the joint subband mapping and demapping procedure
as the subband remapping operation, which is characterised by the FD plots of Figure 3.6.
Therefore, the relay’s transmission is free from interference, since neither the source M T nor
the relay inflict interference during relaying. Still referring to the schematic of Figure 4.3,
the U-point inverse discrete Fourier transform (IDFT) operation is invoked to transform

the signal to the TD, before it is transmitted to the BS. Finally, similar to Eq. (3.23), the
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FIGURE 4.4: Receiver schematic of the BS invoking JFDEC for SC-FDMA. The corre-
sponding source and relay transmitters were shown in Figures 4.1 and 4.3, respectively,
while the relevant TD and FD signals in Figures 2.10(b) and 2.11(b).

relaying gain aided transmitted signal of the k-th relay during TSs is expressed as

st =/ PSGSRFAP BLH 2l 17,0 (4.8)

where H 2R’f represents the k-th user’s equivalent FD channel transfer function (FDCHTF)
characterising the S-R link hosted by a (N x N )-element diagonal matrix, i.e. we have

H = PLFGHM Py = diag (5T I ) (49)

Note that the noise imposed on the k-th user’s signal is affected at the relay according to
Eq. (3.27)
et = FUPWBLPLFum,™, (4.10)

where the noise inflicted upon the other users’ subbands is removed, which is a substantial

additional benefit.

4.3 Signal Detection

4.3.1 Representation of Received Signal at the BS

The BS receiver structure is portrayed in Figure 4.4. The corresponding source and relay
transmitters were shown in Figures 4.1 and 4.3, respectively, while the relevant TD and FD
signals in Figures 2.10(b) and 2.11(b). After removing the CP, the U-point DFT transforms
the TD signal to the FD, followed by subband demapping at the BS receiver. Then the FD
signals of the k-th user received via the direct branch during T'S; and those arriving via the

relaying branch during TS, can be expressed by the N-symbol vectors of

vor = \/Po&soHY 'zl +ng, (4.11a)

Wi = VRGP G (4110)

where H 2P’f and H ?,D’f are the (IVx N )-element equivalent FDCHTF diagonal matrices of
the S-D and R-D links, respectively. Furthermore, nlg’f and ﬁllj’f represent the AWGN vectors
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having a length of N and represented by CN (0,012\1), which are imposed at the BS during
the two time-slots, respectively. We amalgamate the above two equations into a 2N-length

joint observation vector as
yo' =/ PSHL 'k, + P, (4.12)

where the (2N x N)-element joint equivalent FD channel matrix is given by

D.,f SD,f
HD’f . HO,}i" B \% gSDHk/ 413
ko HD7f - GRDGSRHRD,f f HSR,f ’ ( ’ )
1k i G Hy by,

Additionally, we formulate the n-th element of the diagonal matrices H ODg/ and H Iljg, as

D.f e 1f

hO,k’,n = fSDhSD,k/na (4.14a)
D,f £ / RD,f; SR,f

hl,k;’,n = /Bki’,n GED GEthJm hk:/,n . (414b)

Similarly, the total received noise of the k’-th user at the BS includes the noise contribution
imposed by the &’-th relay after the above-mentioned subband remapping operation shown
in the FD plots of Figure 3.6 plus that added at the BS during the two time slots, which is
expressed by a 2N-length vector as

i | 0] PiFufy! (4.15)
N A R N D '

4.3.2 MMSE assisted Joint Frequency-Domain Equalisation and Diversity

Combining

According to Section 2.2.3, it can be readily shown that the optimum MMSE FDE solution
is given by
Dy— xD
Wy = (R)) 'R, (4.16)

which is based on Eq. (4.12), where the auto-correlation matrix of y?,’f is expressed as
RP = PEHLYHDH + Rup, (4.17)

with R,p = E[pPf{(nPH)#] = diag{RIP, R'P} denoting the covariance matrix of nPf, where

we have

B = Elng'(ng")"] = XL, (4.182)

R = E@Y@YT) = ok |GRPH B (B0) " (HP)T + In| . (4.18D)
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Thus, the corresponding power of the noise components 'n,(]]) ! and ﬁ?’f in the n-th subband

during TS; and TSy can be expressed as

Now = ok (4.192)
NPy = ok(Bl ) GRP I + o, (4.19b)

respectively. In Eq. (4.16), R?D is the cross-correlation matrix between y?/f and xg e
which may be formulated as
D S 7yD,f
R =Py H, . (4.20)

Therefore, when substituting Eq. (4.17) and Eq. (4.20) into Eq. (4.16), the (2N x N)-element
optimum weight matrix of the MMSE aided JFDEC is formulated as

WP = pPoPoHY (H)HY + Rup) 'H), (4.21a)

where the matrix inversion operation can be applied to the (N x N)-element diagonal ma-
trices REP in Eq. (4.18a) and R}P in Eq. (4.18b), respectively. It is worth noting that
Rk, is an (2N x2N)-element non-diagonal matrix. Hence, the complexity of inverting Rip
might be high. In order to implement the low complexity single-tap MMSE FD-LE of Fig-
ure 2.12(b) and diversity combining jointly, the matriz inversion lemma® of [102] can be

invoked. Then Eq. (4.21a) is reformulated as
WP = PSRAHY P HYIRHY +In] 7 (4.21b)

Consequently, by substituting H B’f and R,p into the above equation, we obtain WB, which

is constituted by two (N x N)-element diagonal matrices, yielding

(RSD)leD}f, D.f D1 2sD.f D 1D 1 -1
Wi = WDy gDt [(HW) (R§°) 'Hyy + (Hy )" (RI°) ' HY )y + o5
(Rl ) H1 K
(4.21c)
Hence the n-th and (n + N)-th element of the FDE weight matrix WE, can be expressed as

D,f 2 D Dt D
’U)k;/ = hO k. ek/n/O'N, wk/7(n+N) = hl,kﬂnek"N/Nl,n’ (422)

where e, is given by

—1
%mZO%M!/N+WW\/ +Ug) . (4.23)

% Assuming that the matrices A and B have (NxN) and (N x M) elements, respectively, and that I is
an (M x M)-element identity matrix, we have (A + BBY)™"'B=A"'B(B"A™'B +1,)™"!



82 OPPORTUNISTIC AMPLIFY-AND-FORWARD COOPERATIVE SC-FDMA

Actually, e, is the FD MMSE value at the output of the FDE in the n-th subband of the
k’-th user’s signal, which will be discussed in more detail in Section 4.3.3. Specifically, it
will be shown that the weight matrix WP, i is capable of carrying out both single-tap MMSE
FD-LE and diversity combining of the direct and relay branches jointly. Specifically, the
coefficients h(])37}§fI7nek’n and h]i}cf,mek/n in Eq. (4.22) are used for the single-tap MMSE FD-LE
in conjunction with diversity combining, while obeying the MMSE criterion, where noise
whitening is carried out within both branches by normalising it according to the noise power

0% and N, ll?n, respectively.

4.3.3 Relationships of the MMSE, SNR and SINR at the Output of the
JFDEC

Correspondingly, upon applying the FDE weight matrix (WE,)H to y?,’f, the signals arriving
from both the direct and relaying branches are combined into an N-length observation vector
in the FD, which are then transformed into the TD decision variable vector z?,’t for }, by

the N-point IDFT using the schematic of Figure 4.4, yielding
2t = FRWD) YDt = |/ PS AL at, + by, (4.24)

where A}, is the (NxN)-element TD circulant interference matrix of the desired signals
introduced in Sections 2.2.4 and 3.4.4, while n}, is the N-length TD noise vector after
equalisation. The gain factor between z}, and its estimate of zg’t is given by the diagonal

elements of the matrix A, [142].

Furthermore, the TD normalised estimation error vector e}, between the transmitted signal

:l:z, and the estimated signal z?,’t can be expressed as

1 1 1
t t oot t

el, = —(at, — 2Dt z/——A,x/——n, 4.25
k /_P( kT 2k k o Tk o5 D (4.25)

\V k’ \V K VK

where the covariance matrix of e}, is given by

t t (At \H o

R t = E[ek/ (ek") ] = [IN — 2%{14 /} + A /(A /) j| + P_E/I]\H (426)

with R{A},} denoting the real part of A},. As we discussed in Section 2.2.4, Rez _ is also
an (N xN)-element circulant matrix, having identical diagonal elements, which implies that
due to the averaging effects of the N-point IDFT operation seen in the schematic of Figure
4.4, all the k-th users’ resultant TD symbols within the vector have the same MMSE value
er’. This MMSE value can be calculated as the average of the FD MMSE values over N
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subbands, yielding the MMSE of the joint solution as

ew = Z evn = —Tr [Rf } : (4.27)

Hence, Eq. (4.23) can also be derived by

LRV IWD),

ern = [Reil}n =[In - PS (4.28)

(71« +7k' +1)7!

where the instantaneous received SNRs of the direct and relaying branches in the n-th

subband are expressed as

7]3?11 = IYS/D :PIgS’£SD|hf9Dk’n|2/012\I’ (429&)
-1
o = (LR A+ 1RR) T, (4.29b)
SR,f|2
Wh = PEGERNIIR/0R, (4.29¢)
ngRDGSRmRD f| |hSR,f|2
Vo = (4.29d)

SR,f
R (GRS 2 + 0% /P

We note that ey, has already appeared in Eq. (4.23) and it is also equivalent to the
general result for the optimum MMSE solution of the non-cooperative scenario of Figure
2.12 discussed in Section 2.2.4.

Consequently, according to the relationship between the SINR and MMSE as a general
feature of the MMSE criterion [102], we obtain the &’-th user’s instantaneous overall received

SINR at the output of our proposed scheme in the form of

N-—1 SD
Yo =€t —1= ~ § -1, (4.30)

n=0 (1/7 +1/W )

which is derived in the Appendix in the form of Eq. (4.47).

4.4 Energy Consumption Metrics

In order to evaluate the multi-user system’s performance in terms of the achievable power
reduction, we introduce two energy consumption metrics, namely the energy consumption
per bit expressed in units of Joule per bit and the energy consumption gain (ECG), which
is defined as the ratio of the energy consumption per bit of the reference system over that

of the system advocated [1]. Therefore, the energy consumption per bit of single-hop DT
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operating without cooperation may be defined as

Yio BT _ Y, P KP
Zf 01 RDTT ZK 1 RDT RQT

EDT = (J/bit), (4.31)

where T' denotes the time-slot duration, i.e. time duration per hop, while R,(C') Rg) denote
the achievable ergodic single-user rate and multi-user sum-rates of the (- )-type transmission,

i.e. either of direct or of AF-cooperative transmissions.

Similarly, the energy consumption per bit of two-hop AF-cooperative transmissions may be
expressed as
(S (PP + PET) _ SIS (P + PR

=0 k ;
= J/bit). (4.32)
-1 K-1 (
L RAFoT o 2R

EAF =

Since we assume Zf:_ol (PP + PR) = KP, by using the DT as a reference, the ECG of

cooperative transmissions is given by

ECRpr 2R}

ECG = = .
ECRAfR RgT

(4.33)

We assume that the system bandwidth was normalised to unity in our baseband processing,

)

hence the sum-rate Ry, expressed in terms of bits/sec/Hz is given by

K-1

_ 1
R(Z):E[ZN

k=0

- log, (1 + ng')) , (4.34)

where the factor 1/Npg indicates the effect of the Npg time-slots required for direct or

cooperative transmission.

Therefore, the corresponding instantaneous SINR of the k-th user may be expressed as
SRR o]
7 :[NZO(“” ) ] 1 (4.35)
n—=

Specifically, for DT, we have an equivalent instantaneous SNR in the n-th subband of the
k-th user given by

or = Pyépr |hd“ 12/0%. (4.36)

By contrast, for AF-cooperation, the k-th user’s received equivalent instantaneous SNR in

the n-th subband may be expressed according to Eq. (4.30) as

_ _11—1
S (O IR G B I (4.37)
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4.5 Opportunistic Cooperation Invoking Power Allocation

The opportunistic cooperation (OC) philosophy allows a single relay to be selected from a
set of J(J > 0) relays which are inactive MTs, depending on which MT provides the best
end-to-end link between the source and destination [65]. In this section, the source/relay
power allocation and relay selection are investigated for the sake of power-efficient OC. We
assume that the multiple relays are geographically distributed in three typical scenarios,
namely when we have a sufficiently high number of relays, a moderate number of relays
and an insufficient number of relays. The corresponding relay selection schemes, namely the
single-user relay selection (SU-RS), multi-user relay selection (MU-RS) and multiple-access
relay selection (MA-RS) regimes are shown in Figure 4.5. The BS is assumed to be capable
of acquiring the channel state information at the receiver (CSIR) and the SNR of all the
cooperative links based on pilot-assisted channel estimation, which were formulated in Eq.
(4.29a), Eq. (4.29¢) and Eq. (4.29d). The power allocation and relay selection are carried
out with the objective of maximising the average received instantaneous SINR of each user
at the BS for both the direct and relaying branches. Additionally, we assume that the
transmissions of the S-D, S-R and R-D links are orthogonal and hence they do not impose

an increased MUI. 6

4.5.1 Source/Relay Power Allocation

The proposed systems invoke the various source/relay power allocation modes detailed be-
low. The family of linear power allocation includes equal power allocation (EPA) and default
power allocation (DPA) for the SDR and SSR systems, respectively. Specifically, the EPA
mode adjusts the transmitted powers of the k-th source and j-th relay to be equal, while
the DPA mode shares the transmitted power between the source MT and relay according

to the number of active source users K within system. Hence we have

EPA for SDR : ajp ;= ap; = 0.5, (4.38a)

DPA for SSR : ap;=1-1/K,af; =1/K. (4.38b)

Alternatively, the OPA mode may be invoked for both the SDR and SSR systems of Figure
4.5, which maximises the average SINR expression of Eq. (4.30) for the k-th user with the

5 Let us define the notations as follows. The notations K, J I", denote the set of users k = 0,1,2,--- , K —1,
(Vk € X), the set of the relays j = 0,1,2,---,J — 1, (Vj € J) and the set of the SINRs of Eq. (4.30),
respectively. Given the elements in the set A, (Va € A), the notation & represents the selected element of
a and is ocollec‘ced in the set fl; the notation a; denotes the element a with ordering index i in the ordered
version A of the original set A. The notation & represents the clear’ operation. The notation U, \ indicates
that the element in {a} is incorporated or excluded from the set A, respectively.



86 OPPORTUNISTIC AMPLIFY-AND-FORWARD COOPERATIVE SC-FDMA

(a) SU-RS for SDR (b) MU-RS for SDR (c) MA-RS for SSR

O Source Q Relay . Target relay I:l BS Relay cluster

FIGURE 4.5: The snapshot of topologies for various OC schemes in the SC-FDMA uplink.
We assume that the multiple relays are geographically distributed in three typical scenarios.
Firstly, when the number of relays is sufficiently high in the system, the single-user relay
selection (SU-RS) scheme is designed using the SDR topology of subfigure (a). Secondly,
when the system has a moderate number of relays, the multi-user relay selection(MU-RS)
scheme is designed using the SDR topology shown in subfigure (b). Thirdly, if the number of
relays is insufficient, particularly lower than the number of source MTs, the multiple-access
relay selection (MA-RS) scheme is designed using the SSR topology seen in subfigure (c).
However, we consider a fair comparison using K = 3 users and a total of J = 6 relays for
all the relay selection schemes in subfigures (a), (b) and (c). When the specific relays are
selected depending on the instantaneous SINR in Eq. (4.30), the solid lines in (a), (b) and
(c) characterise the corresponding SDR and SSR topologies portrayed in Figure 3.1, while
the dashed lines indicate the other opportunistic cooperation via SDR/SSR links.

aid of the j-th relay by exploiting the knowledge of CSIR, yielding

AF/ S R
max (A o)
5%,
subject to a%j + aﬁj =1, Oz%,j > 0, Oé%j >0, (4.39)
K-1
for SSR : Z aﬁj = 1.
k=0

4.5.2 Single-User Relay Selection

Initially, we examine the relay selection schemes designed for the SDR topology. If the total
number of idle MT's accessing the single-cell BS considered is high, more candidates may be
considered for activation as the target relays. In our proposed SU-RS scheme, each source
MT set X is capable of seeking a target relay from a cluster of J/K relays within the set Jj
for J > K, which are independent from the other source MT’s relays, i.e. we have Jx # dy/
for k, k' € K. Hence, a total of .J inactive MTs employed as relays in the set J are required
in order to support K source MTs. In other words, for all £k € X, Ji is a subset of J.
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TABLE 4.1: Channel-dependent single-user relay selection (SU-RS) algorithm

1. Initialisation: | If J > K, let § = &;

2. Searching: For the source k =0,1,--- , K — 1, (k € X),

(a) Consider the relay cluster Jx,

b) Find the relay j, = arg gré%f{yf}j},

c¢) Update J= {7x} U J;

d) Assign the relay ji to the k-th source MT.

e) Terminate if kK = K — 1, otherwise let ¥k = k + 1 and return to step (1).

(
(
(
(

Specifically, we have J, CJif K =1and J, C Jif K > 1.

To elaborate it a little further, we describe the procedure as follows. Initially, we define the
set of desired relays to be empty, i.e. we have J = @. For the k-th user in the set K, the BS
calculates its overall SINR ’yﬁlf , while tentatively relying on any of the J/K relays in the
set Ji and then selects the one having the maximum SINR for j € Jg, which is associated

with the index of ji, as formulated in
g = argmax{yi}, (] 2 K). (4.40)
k

Thus, we may update the set J = {jx} U J and assign the relay j; to the k-th user.

Consequently, the associated algorithm may be summarised in Table 4.1.

4.5.3 Multi-User Relay Selection

However, when the total number of inactive MTs roaming within a cell is low, the number
of available relays may become moderate, since a total of K independent clusters of relays
would be required for K sources in the regime SU-RS of Figure 4.5(a). In order to circumvent
this limitation of the SDR regime of Figure 3.1(a), we propose the MU-RS scheme of Figure
4.5(b), which allows the multiple source users to access one or more relays, where each
source’s data is forwarded by selecting a single desired relay for cooperative transmission.
Specifically, a cluster of K source MTs of set K is collectively associated with a cluster of
J(J>K) relays of the set J, but the system only requires a total of K target relays defined
by the set J. Since we have a total of K source MTs in the SDR system, the dynamic
relays must not be assigned to different users simultaneously. Therefore, an optimal partner
ordering algorithm is introduced, which arranges the source-relay pairs by monitoring the
SINR of each of the (K x J) S-R-D and K S-D links in a descending order. The scenario of
K =1 is similar to the relay ordering scheme of [67], where all the dynamic relays serve only
a single user. Specifically, our regime calculates the overall SINR of all the K source MTs’

signal by tentatively assuming cooperation with all the J relays, and chooses the specific
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TABLE 4.2: Channel-dependent multi-user relay selection (MU-RS) algorithm

1. Initialisation: | If J > K, let X =9,J =@ and I' = &;

2. Searching: Consider the sources in K and the relay cluster g,
Obtain the SINR set I' = Uyexc jeg Yooy
For:=0,1,---,

a) Obtain the source-relay pair l:ci,o'i = arg ma AR ,
(a) y pair (ki,ji) = arg max {v;}

b) Update I' = I'U{y"; 3, K = K\ {ki} and 3 = 3\ {ji},
c) Assign the relay ]Z to the source k;.
d) Terminate if ¢ = K — 1, otherwise let ¢ = i + 1, return to step 2-(a).

(
(
(

source relay pairs having the highest K received SINR values at the BS, which are provided

by the relays corresponding to the particular source MTs.

We describe the procedure as follows in detail. Firstly, the ordered sets of users and desired
relays are initialised to be empty, i.e. we have K=o and J = J, respectively. Secondly,
at the i-th iteration, the desired relay’s index jl selected for assisting the ordered user k:l is

assumed to be the pairing index ¢, which are compiled in descending order, yielding

kiyji) = A (J>K). 4.41
(kir i) = arg, max {555}, (J=K) (4.41)
Thirdly, upon removing the user kl and the relay jl from the selection pools, which is
mathematically denoted by K = K\ {k;} and § = g\ {J;}, the target relay of the next user
l?:(i_H) may be allocated during the next iteration using Eq. (4.41).

Therefore, the associated algorithm is summarised in Table 4.2.

4.5.4 Multiple-Access Relay Selection

In contrast to the SDR based relay selection schemes seen in Figures 4.5(a) and (b), when
the number of relays is insufficient, particularly lower than the number of source MTs, the
SSR based relay selection may be considered as a beneficial design alternative. Hence, we
propose the MA-RS scheme shown in Figure 4.5(c), which takes into account the overall
performance of all the links from all source MTs aiming to share a relay. This is necessary,
because the multiple source MTs in the set K have to gain access to a common target relay
by evaluating the benefits of an entire cluster of J relays in set J, where the minimum
number of relays is independent of the number of sources, i.e. we have J > 0. Hence, this
regime looks for a single relay indexed by j, which offers the maximum sum of SINRs for

all the K source MTs, which is formulated as:

j=arg g}gg{z gt (J>0). (4.42)
keX
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TABLE 4.3: Channel-dependent multi-user relay selection (MU-RS) algorithm

1. Initialisation:

If J > 0;

2. Searching:

(
(
(

Find j = arg max{vs ;},
j€d

AF
k,j»

,J — 1, obtain ys; = Y. 7,

Assign the relay j to all the sources in K.
Terminate.

Consider the source cluster X and the relay cluster g,
Obtain the SINR set I' = Uy cqc jeg
(a) For the relay j =0,1,---

keX

TABLE 4.4: Examples of single-user relay selection (SU-RS), multi-user relay selection
(MU-RS) and multiple-access relay selection (MA-RS) schemes for the OC aided SC-FDMA
when we have K = 3 users and J = 6 total relays. Specifically, the relays indicated by the
numbers printed in boldface denote the highest SINR fyﬁ,f in each column for a specific user
index k, where we have the corresponding relay index j in the rows. The assigned relays of
each user are marked by underlining them. Moreover, the specific assignment of relay j to

each user k is given by j.

(a) SU-RS for SDR

(b) MU-RS for SDR

Ve k=0 k=1 k=2 vior k=0 k=1 k=2
j=01 005 - - j=01] 005 053 226
j= 0.16 — — j=1] 016 020 0.57
j=2 - 14 - j=21 142 144 0.70
j=3 - 033 - j=3] 018 033 0.21
j=4 - 081 j=41] 09 307 081
j=5 - - 190 j=51] 004 009 1.90
J I 1 2 5 J I 2 4 0

(c) MA-RS for SSR
Yes k=0 k=1 k=2
j=0] 005 053 226
j=11] 016 020 057
j=21 142 144 0.70
j=3] 018 033 021
j=4] 09 307 081
j=5] 004 0.09 1.90
j I 4 4 4

Therefore, the associated algorithm is summarised in Table 4.3.

4.5.5 Relay Selection Examples

Table 4.4 illustrates diverse examples of the above-mentioned SU-RS, MU-RS and MA-RS
schemes for the OC aided SC-FDMA uplink in the scenario of K = 3 users and a total of
J = 6 relays. According to Table 4.4(a) the SU-RS scheme of Figure 4.5(a) benefits from a

diversity order of J = 2 as a benefit of having J/K = 2 relays per user available for selection,

resulting in an assignment, where relay 7 = 1,2 and 5 assist the users of k = 0,1 and 2,
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respectively. By contrast, according to Table 4.4(b), the MU-RS method of Figure 4.5(b)
is capable of achieving a diversity order of up to J = 6. Therefore the relay j = 4 may be
assigned to the user k = 1 associated with the maximum SINR of wé}f = 3.07 among all the
channels spanning across multiple users to be assigned to specific relays and the available
relays. By employing the MU-RS regime, the users £ = 0 and k£ = 2 in Table 4.4(b) may
have the chance to benefit from a higher receiver SINR of wég = 1.42 via the relay j = 2
and from an SINR of ’y??g = 2.26 provided by the relay j = 0 compared to those obtained by
the SU-RS approach in Table 4.4(a). Additionally, given a diversity order of J = 6, again,
upon invoking the MA-RS algorithm of Figure 4.5(c) detailed in Section 4.5.4, the shared

relay j = 4 of Table 4.4(c) is assigned to multiple users associated with a maximum sum of

the SINRs given by V{i}f + Vﬁ}f + Vé}f = 4.78.

4.5.6 Power Allocation and Relay Selection Complexity

The computational complexity of the different power allocation schemes of Section 4.5.1and
of the relay selection procedures of Sections 4.5.2, 4.5.3 and 4.5.4 should be quantified in
order to find the most suitable algorithm. The EPA of Eq. (4.38a) benefits from the
lowest complexity, regardless of the number of users and relays involved, while the DPA
of Eq. (4.38b) requires both the sources and the relays to have the knowledge of K, but
beneficially - it dispenses with any iterations. The OPA of Eq. (4.39) exhibits the highest
complexity, which depends on both the specific optimisation algorithm employed as well as
on the step-size of the power control strategy adopted. From a multi-user point of view, the
SU-RS regime of Figure 4.5(a) requires J iterations for assigning relays to all the K users,
while the MU-RS and MA-RS regimes of Figure 4.5(b) and 4.5(c) require (K x.J) iterations.
However, from a SU point of view, the SU-RS only needs an average of J/K iterations per
user, while the MU-RS still requires (K x.J) iterations for calculating the index of the desired
relay for each source MT. Additionally, the RRS does not require any iterations among the
relays. We assume that in practical cellular systems the number of cooperative users and
the number of relays within each clusters may be insufficiently high, say less than 10 in
total, but lower-complexity search algorithms may be considered for this selection stage in

order to reduce the signal processing complexity and time delay imposed.

4.6 Simulation Results and Discussions

In our simulations, we investigate the uncoded binary phase shift keying (BPSK) modulated
bit-error rate (BER) performance of the proposed schemes using no forward error correction

(FEC), but invoking IFDMA scheme of Figure 2.9(b) subject to shadowing under imperfect
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TABLE 4.5: General simulation parameters for both the static selected single-relay aided
cooperation of Figure 3.1 and the OC scheme of Figure 4.5 in SC-FDMA systems.

Modulation and coding BPSK, non-FEC
Subband mapping Interleaved
Relaying topology SDR or SSR
Relaying strategy Subband-based AF
Number of subbands per user N =4,8
Bandwidth expansion factor M =16,8
Total number of subbands U=064
Number of source users K =28,16

TABLE 4.6: Specific simulation parameters used in Section 4.6.1 for the fixed AF single-
relay aided cooperation.

S-D, S-R, R-D channels Frequency-selective Rayleigh fading
Number of CIR taps L=1,4,8
Power delay spread Uniform
Shadowing Absent
Path-loss Absent
Power control Perfect, i.e. PCE variance o> = 0 dB
8-source mode N=K=M-=8
16-source mode N=4K=M =16
Source transmit power SDR: of = 0.5
per user SSR for K =1: af =0.5
SSR for K > 1: af =1—1/K

Relay transmit power SDR: ajf = 0.5
per user SSR for K =1: af =0.5
SSR for K > 1: o} = 1/K

BS receiver MMSE FD-LE invoking TD-EGC or JFDEC

power control. The effects of both propagation path-loss and of frequency-selective fading
are also considered. Our parameters are summarised in Table 4.5 and the source MT’s
transmitter schematics of Figure 4.1 and relay’s transceiver schematic of Figure 4.3 are

used.

4.6.1 BER Performance of Fixed AF Single-Relay Aided Cooperation in
the Absence of Large-Scale Fading

Initially, we consider a simple fixed AF relay aided system for both the SDR and SSR
topologies of Figure 3.1 experiencing small-scale fading only, while the effects of shadowing,
path-loss, relay location and power control are all ignored. Our parameters are summarized
in Table 4.6 and the system invokes the BS’s receiver schematic of either Figure 3.4 or Figure

4.4 for performance comparison.

Figures 4.6 and 4.7 illustrate the BER versus E}, /Ny performance of the subband-based
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SC-FDMA Subband-based AF (N=4, M=16, K=16, L=1) . SC-FDMA Subband-based AF (N=4, M=16, K=16, L=4)

1
s | Non-FEC, BPSK, MMSEFD-LE || A SDR, TD-EGC 5 | Non-FEC, BPSK, MMSE FD-LE =——— A SDR, TD-EGC
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(a) The number of CIR tapsis L =1 (b) The number of CIR taps is L =4

FIGURE 4.6: BER versus E}, /Ny performance of the subband-based AF in the context of

both the SDR and SSR aided IFDMA systems invoking either the MMSE FD-LE TD-EGC

receiver of Figure 3.4 or the MMSE JFDEC receiver of Figure 4.4, when communicating

over frequency-selective Rayleigh fading channels upon varying the number of CIR taps

L in the absence of path-loss and shadowing for N = 4, K = M = 16. The source and

relay schematics were shown in Figures 4.1 and 4.3, while the system parameters were
summarised in Tables 4.5 and 4.6.

AF relaying system of Figure 4.3 relying on different receiver solutions for full-load uplink
transmissions experiencing frequency-selective Rayleigh fading, upon varying the number
of paths for L = 1,4 or 8, while supporting K = 16 or 8 users for U = 64, respectively.
Compared to the TD-EGC schematic of Figure 3.4, the proposed JEDEC scheme of Figure
4.4 carries out the MMSE FD-LE and diversity combining jointly with the aid of the opti-
mised weights of Eq. (4.22) over each subband for both the direct and relaying branches.
Although the JFDEC scheme exhibits only a modest improvement, when communicating
over a single-path fading channel associated with L = 1 observe in Figures 4.6(a) and 4.7(a)
that it achieves slightly more significant improvements for L = 4 and 8. Quantitatively, at
a BER of 1074, our proposed scheme of Figure 4.4 is capable of achieving upto 8 dB power
reduction for N = L =4, K = M = 16, as shown in Figure 4.6(b) and an approximately 4
dB power reduction for N = L = K = M = 8, as shown in Figure 4.7(b). These gains are
the explicit benefits of the cooperative diversity gain, while the TD-EGC scheme only saves

6 and 2 dB power, respectively in the same scenarios.

4.6.2 BER Performance of Power Allocation and Relay Location in the

Presence of Large-Scale Fading

Furthermore, in order to characterise the effects of varying the ratio of the source/relay power
and the locations of the static selected relays in the presence of path-loss and shadowing, we

evaluate the BER versus (a%, 5}3]3) performance of our proposed schemes. Our parameters
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. SC-FDMA Subband-based AF (N=8, M=8, K=8, L=1) . SC-FDMA Subband-based AF (N=8, M=8, K=8, L. =8)
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FIGURE 4.7: BER versus E}, /Ny performance of the subband-based AF in the context of

both the SDR and SSR aided IFDMA systems invoking either the MMSE FD-LE aided

TD-EGC receiver of Figure 3.4 or the MMSE JFDEC receiver of Figure 4.4, when com-

municating over frequency-selective Rayleigh fading channels upon varying the number of

CIR taps L in the absence of path-loss and shadowing for N = M = K = 8. The source

and relay schematics were shown in Figures 4.1 and 4.3, while the system parameters were
summarised in Tables 4.5 and 4.6.

TABLE 4.7: Specific simulation parameters used in Sections 4.6.2 and 4.6.3 for the static re-
lay selection (SRS) aided single AF relay at various location using power allocation schemes
in Section 4.5.1.

S-D, S-R channels Frequency-selective Rayleigh fading
R-D channel Frequency-selective Rayleigh/Rician fading
R-D Rician factor krp = 2 dB
Number of CIR taps L=38
Path-loss exponent n=34
Shadowing variance ag =0,4,8,12dB
PCE variance 02 =0 dB or varying
SNR per bit Ey/No =8 dB
8-source mode K=M=N=8
Relay mobility Roaming
Relay selection Static
BS receiver MMSE FD-LE invoking JFDEC

are summarized in Table 4.7 and the system invokes the BS’s receiver schematic of Figure

4.4.

Figures 4.8 and 4.9 depict the BER versus (a3, 65P) performance of both the SDR and SSR
topologies of Figure 3.1 experiencing frequency-selective fading in either Rayleigh distribu-
tion or Rician distribution associated with krp = 2 dB, for path-loss exponents of n = 3 or
4 subject to a shadowing variance of 02 =0 dB or 4 dB at F},/Ny = 8 dB, where perfect
power control is assumed for both the source and relay. Specifically, observe in Figure 4.8(a)
that since the path-loss of the S-R and R-D links is lower than that of the S-D link, high
relaying gains are attainable at the BS via the relaying branch, which is confirmed by the
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SC-FDMA SDR AF JFDEC
(N=M=L=8, K=8, n=4, Rayleigh, 0%=0dB, E;/N;=8dB)
optimum point (cxsk, Srp)
at (0.75, 0.4)

10t power sharing
at a5,=0.75
x 10° =
@
10°
10

bpti mum relay
position at 5gp=0.4

(a) SDR for K =8

SC-FDMA SSR AF JFDEC SC-FDMA SSR AF JFDEC

(N=M=L=8, K=8, n=4, Rayleigh, 0%=0dB, E;/N,=8dB) (N=M=L=8, K=4, n=4, Rayleigh, 0%=0dB, E;/N,=8dB)

(b) SSR for K = 8 (c) SSR for K =4

FIGURE 4.8: BER versus (a3, 2P) performance of the subband-based AF in the context

of both the SDR and SSR aided IFDMA systems for N = M =8, K = 4 or 8, when the BS

invokes MMSE JFDEC receiver of Figure 4.4. The systems experience frequency-selective

Rayleigh fading associated with the number of CIR paths L = 8, for the path-loss exponent

7 = 4 in the absence of shadowing, when Fj, /Ny = 8 dB. The source and relay schematics

were shown in Figures 4.1 and 4.3, while the system parameters were summarised in Tables
4.5 and 4.7.

curve denoted by the V marker in Figure 4.8(a). Since we assume that the total transmitted
power of the system is constant, the source MT can transmit its own signal at a higher
a%, as indicated by the curve marked by A for a% = 0.75, which is then attenuated by the
long-distance S-D and S-R link during TS;. By contrast, the relay transmits the signal
forwarded to the destination at a lower ozlk)‘ during TS2, when the relay is roaming within
the desired relaying area near to the BS, as indicated by the curve marked by the legend
vV for 5,1§D = 0.4, which is expected to have a high relaying gain. Therefore, observing the
relay located at this optimum position, the BER performance of the EPA mode recorded for
a% = 0.5 only slightly decreases compared to the OPA mode for a% = (.75, but requires a
lower complexity. Additionally, due to the power constraint of the SSR uplink, the default
transmit power of the source MT is a function of K, as shown in Figures 4.8(b) and 4.8(c).

Hence, the optimum value of a% may be the a% of DPA for the SSR topology, which is

larger than the optimum value of a% designed for the SDR topology, as shown in Figure
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TABLE 4.8: Optimum Ranges of o} and 5P in Figures 4.8 and 4.9.

Figure || Topology | Fading | ag | n | a% | 5}3]3 | BER
Fig. 4.8(a) SDR | Rayleigh | 0dB | 4 0.75 0.4 3.8¢ — 5
Fig. 4.8(b) SSR | Rayleigh | 0dB | 4 | 0.875 0.3 4.4e -5
Fig. 4.8(c) SSR | Rayleigh | 0dB | 4 0.75 0.4 3.7e -5
Fig. 4.9(a) SDR Rician | 0dB | 3 0.85 0.25 | 2.02¢ — 4
Fig. 4.9(b) SSR Rician | 0dB | 3 | 0.875 0.2 | 2.03¢ — 4
Fig. 4.9(c) SDR Rician | 0dB | 4 | 0.775 04| 38—5
Fig. 4.9(d) SSR Rician | 0dB | 4 | 0.875 | 0.325 4.5¢ -5
Fig. 4.9(e) SDR Rician | 4dB | 4 0.75 0.4 | 4.04e — 4
Fig. 4.9(f) SSR Rician | 4dB | 4 | 0.875 0.35 | 4.62¢ — 4

4.8(b). In summary, both the EPA of Eq. (4.38a) and the DPA of Eq. (4.38b) are more
practical schemes when subjected to imperfect power control, which is an explicit benefit of
their low complexity, when invoked in the context of the SDR and SSR topologies of Figure
3.1, respectively. By contrast, the OPA of Eq. (4.39) improves the achievable performance

at an increased complexity.

We may now infer the optimum ranges of ag and 6}3]3 from the simulation results of Figures

4.8 and 4.9 which are summarised in Table 4.8.

Figure 4.10 characterises the BER versus F}, /Ny performance of the EPA, DPA or OPA
modes under perfect power control upon varying the shadowing effects at a path-loss ex-
ponent of n = 4, when the SRS aided relay’s location is assumed to be at the mid-point
in the 2D map of Figure 4.2 or at the optimal point in the Table 4.8. As expected, the
BER increases, when the shadowing variance increases from 02 = 0 to 8 dB. Naturally,
the best performance is achieved in the absence of shadowing, exhibiting a BER of 10™%
at Ey/No = 7 dB, which is a benefit of having the highest relaying gain when the relay
is at the optimal position, in comparison to the non path-loss scenario as seen in Figure
3.8(d) and Figure 3.10(b). Furthermore, we note that at least 1.5 dB power saving can be
achieved, when the SDR system invokes OPA and the relaying distance is optimum, when
compared to the EPA benchmark using a relay in the middle of the S-D link. However,
owing to the power constraint of the SSR system, the performance of the DPA is close to
that of the OPA. Hence, from a computational complexity point of view, using the OPA is
not necessary in the SSR system. Additionally, compared to non-cooperative transmission,
the BER of the cooperative scenario remains better at low Ey, /Ny values, when the system

is subjected to high-variance shadowing associated with Ug =8 dB.
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FIGURE 4.9: BER versus (o}, §8P) performance of the subband-based AF in the context

of both the SDR and SSR aided IFDMA systems for N = M = 8, K = 8, when the BS

invokes MMSE JFDEC receiver of Figure 4.4. The systems experience frequency-selective

Rician fading associated with kgp = 2 dB and the number of CIR paths L = 8 upon

varying path-loss exponent 7 in the absence and presence of shadowing, when Ey /Ny = 8

dB. The source and relay schematics were shown in Figures 4.1 and 4.3, while the system
parameters were summarised in Tables 4.5 and 4.7.
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SC-FDMA Subband-based AF (N=M=8, K=8, L=8, 1=4)
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FIGURE 4.10: BER versus E}, /Ny performance of the SRS aided subband-based AF based
relay associated with the specific power allocations and relaying positions, in the context
of both the SDR and the SSR aided IFDMA system for N = M = 8, K = 8, when the BS
invokes MMSE JFDEC receiver of Figure 4.4. The systems communicate over frequency-
selective Rayleigh fading channels associated with the number of CIR taps L = 8 for the
path-loss exponent 1 = 4, upon varying shadow variance ag by assuming the perfect power
control. The source and relay schematics were shown in Figures 4.1 and 4.3, while the
system parameters were summarised in Tables 4.5 and 4.7.

SC-FDMA Subband-based AF (N=M=8, K=8, L=8, 7j=4)

1
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2| A SDR, ag=0.75, 6zp=0.4
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FIGURE 4.11: BER versus PCE variance o2 of the SRS aided subband-based AF based
relay invoking OPA at the best relaying position, in the context of both SDR and SSR
aided IFDMA systems for N = M = 8 and K = 8, when the BS invokes MMSE JFDEC
receiver of Figure 4.4. The systems communicate over frequency-selective Rayleigh fading
channels associated with the number of CIR taps L = 8 for the path-loss exponent n = 4,
upon varying shadow variance ag under imperfect power control when E}, /Ny = 8 dB. The
source and relay schematics were shown in Figures 4.1 and 4.3, while the system parameters
were summarised in Tables 4.5 and 4.7.

4.6.3 BER Performance of Imperfect Power Control in the Presence of

Large-Scale Fading

When considering imperfect power control, Figure 4.11 illustrates the BER versus the PCE
variance o2 of the SRS aided relay using OPA of Eq. (4.39) at the best relaying position
upon varying the shadowing variance for K = 8 users employing the SDR and SSR systems
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TABLE 4.9: Specific simulation parameters used in Sections 4.6.4 to 4.6.6 for the OC
systems invoking various relay selection schemes in Sections 4.5.2 to 4.5.4.

S-D, S-R, R-D channels Frequency-selective Rayleigh fading
Power delay spread Uniform
Number of CIR taps L=38
Path-loss exponent n=4
Shadowing variance ag =0,2,4,8 dB
PCE variance 02=0,2dB
Relay mobility Roaming
Relay selection Dynamic
Number of source users K =4,8
Number of relays (candidates) J = 16 or varying
Number of subbands per user N =38
Bandwidth expansion factor M =38
Total number of subbands U=064
BS receiver MMSE FD-LE invoking JFDEC

of Figure 3.1 at E},/Ny of 8 dB. It is shown in Figure 4.11 that the effect of imperfect power
control on the BER performance is not severe, when o2 is less than 1 dB. Moreover, the BER
may increase logarithmically upon increasing o2, provided that we have weak shadowing.
By contrast, the PCE effects become less dominant, when the cooperative transmission
regime is subjected to deep shadow fading of O'g = 8 dB in Figure 4.11, in which case, the

performance of cooperative relaying depends more substantially on the shadowing.

4.6.4 BER Performance of Relay Selection Combined with Power Allo-

cation

For the sake of fair comparisons, we assume that we have K = 4 source MTs, assisted
by J = 16 relays for both the SU-RS and the MU-RS of Figure 4.5(a) and 4.5(b). Our
parameters are summarised in Table 4.9, while the systems schematic is shown in Figures 4.1,
4.3 and 4.4. Upon varying the effects of shadowing under imperfect power control of all the
links for transmission over Rayleigh fading channels in the presence of a path-loss exponent
of n = 4, Figure 4.12 characterises the overall average BER versus Ey, /Ny performance
of different relay selection aided AF-SDR systems invoking the EPA and OPA schemes of
Section 4.5.1, respectively. Observe in Figures 4.12(b) and 4.12(d) that the achievable gain
of the OPA recorded for a% = 0.75 is limited to about 1 dB at a BER of 10~* compared
to the EPA curves recorded for o] = 0.5 in Figures 4.12(a) and 4.12(c), which indicates
the robustness of the proposed cooperative regime. We know additionally that according
to Figure 4.8(a), the activation of a relay roaming in the vicinity of the optimal location is
capable of achieving a similar performance to OPA. Compared to the RRS characterised in
both Figure 4.12(a) and 4.12(b), the static selected relay associated with the optimal relay
position of 5,1?]3 = 0.4 offers a 3 dB relaying gain at a BER of 10~%, while both the SU-RS
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FIGURE 4.12: BER versus F}, /Ny performance of various relay selection schemes combined
with power allocation for OC using the subband-based AF aided SDR in the context of
IFDMA system for N = M =8, K = 4 and J = 16, when the BS invokes MMSE JFDEC
receiver of Figure 4.4. The systems communicate over frequency-selective Rayleigh fading
channels associated with L = 8 with path-loss exponent 17 = 4, upon varying the shadowing

variance ag under imperfect power control by varying PCE variance o2. The source and

relay schematics were shown in Figures 4.1 and 4.3, while the system parameters were
summarised in Tables 4.5 and 4.9.

and MU-RS regimes of Figure 4.5(a) and 4.5(b) provide a substantial multi-user diversity
gain, which is about 4 dB at a BER of 10~*. Furthermore, the proposed MU-RS has the
edge over the SU-RS, providing an additional multi-user diversity gain in excess of 2 dB,
which is a benefit of the relay selection procedure that avoids the effects of deep shadow
fading”. As a result, the transmitted power can be reduced by about (Ei,/Ng)a = 4 dB at
a BER of 107%, when we have ag =4dB, 02 =0dB.

By contrast, the benefits of relay selection on the attainable BER performance of the SSR

"By comparing the various relay selection schemes for the same J as a fairness, the additional selection
diversity gain may be observed in Figures 4.12 and 4.13. By contrast, alternative ways of benchmarking may
be relying on different J for the specific relay selection schemes in terms of their applied scenarios.
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FIGURE 4.13: BER versus F}, /Ny performance of various relay selection schemes combined
with power allocation for the OC using the subband-based AF aided SSR in the context of
IFDMA system for N = M =8, K = 4 and J = 16, when the BS invokes MMSE JFDEC
receiver of Figure 4.4. The systems communicate over frequency-selective Rayleigh fading
channels associated with L = 8, path-loss exponent n = 4, upon varying the shadowing
variance ag under imperfect power control by varying PCE variance 2. The source and
relay schematics were shown in Figures 4.1 and 4.3, while the system parameters were
summarised in Tables 4.5 and 4.9.

system upon varying the shadow fading variance under imperfect power control are char-
acterised in Figure 4.13 for J = 16. The static selected relay is capable of achieving a 3
dB relaying gain, which is similar to that of the SDR system. Although only a single R-D
link exists in the system, this target relay can be selected by considering the position trade-
off among multiple source MTs and multiple relays, in an effort to reduce the path-loss.
Meanwhile, a useful diversity gain is still attainable by relay selection for transmission over
Rayleigh fading channels. However, the MA-RS considers the single-relay based support of
all the K source users, whose signal occupies all the (K x V) subbands, while considering all
the (K'xJ) possible S-R links. Thus, the selection diversity gain achieved in the presence
of deep shadow fading does not improve the link-level reliability quantified in terms of the
BER performance. Therefore, the DPA aided MA-RS allows the system to achieve a BER of
10~* at E},/Ng = 6 dB, when we have 02- = 02 = 0 dB. Additionally, since the power control
determines the transmit power of all source MTs and relays, the corresponding performance
differences between 02 = 0 dB and 02 = 2 dB are quantified in Figures 4.12 and 4.13 for the
EPA, DPA and OPA schemes of Section 4.5.1 in the presence of both perfect and imperfect

power control.

4.6.5 Capacity of Opportunistic Cooperation Invoking Power Allocation

In addition to the above BER performance analysis of Figures 4.12 and 4.13, we quantify

the sum-rate of all users’ data transmissions in order to represent the attainable multi-user
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FIGURE 4.14: Sum-rate versus Ey, /Ny performance of various relay selection schemes com-
bined with power allocation for the OC using the subband-based AF in the context of
IFDMA systems for N = M =8, K =4 and J = 16, when the BS invokes MMSE JFDEC
receiver of Figure 4.4. The systems communicate over frequency-selective Rayleigh fading
channels associated with L = 8, path-loss exponent n = 4, upon varying the shadowing
variance ag under perfect power control. The source and relay schematics were shown in
Figures 4.1 and 4.3, while the system parameters were summarised in Tables 4.5 and 4.9.

system throughput in terms of Shannon’s continuous-input continuous-output memoryless
channel (CCMC) capacity [196].

Figure 4.14 depicts the sum-rate versus Ey, /Ny performance of various relay selection schemes

invoking power allocation for J = 16 relays. It may be observed in Figure 4.14(b) that if

the Ey, /Ny value is relatively low, the proposed MU-RS aided cooperative system exhibits

up to 4bits/s/Hz higher sum-rate than its DT based counterpart, when experiencing a

shadow fading variance of 8 dB. However, as the overall E}, /Ny increases to a relatively

high value, the benefits of invoking a MU-RS aided cooperative system for achieving either

a high sum-rate or high ECG erode. Indeed, this is not unexpected, because sharing the

total transmit power between the source and relay as well as the provision of two time-slots
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FIGURE 4.15: Sum-rate versus the number of relays J performance of various relay selection
schemes combined with power allocation for OC using the subband-based AF in the context
of IFDMA systems for N = M = 8 and K = 4, when the BS invokes MMSE JFDEC receiver
of Figure 4.4. The systems communicate over frequency-selective Rayleigh fading channels
associated with L = 8, path-loss exponent 1 = 4, upon varying the shadowing variance og
under perfect power control at Ey, /Ny = 4 dB. The source and relay schematics were shown
in Figures 4.1 and 4.3, while the system parameters were summarised in Tables 4.5 and 4.9.

results in a throughput loss, which is not fully compensated by the relaying-gain attained.
In addition, Figure 4.14(b) indicated up to 9 dB gains, when the shadow-fading variance
was 8 dB and the sum-rate was 1bits/s/Hz. At higher sum-rates the system still maintain

an approximately 6 dB power gain.

From a resource management point of view, Figure 4.15 depicts the attainable system
throughput as a function of the total number of relays, when the number of source MTs
was fixed to K = 4 and we had E}, /Ny = 4 dB. Observe in Figure 4.15 that the sum-rate
improves upon increasing the number of relays. Specifically, the MU-RS scheme in Figure
4.15(b) is capable of substantially improving the throughput compared to the SU-RS ap-

proach in 4.15(a), particularly when communicating over channels subject to shadow fading.
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FIGURE 4.16: ECG versus Fy, /Ny performance of various relay selection schemes combined

with power allocation for the OC using the subband-based AF in the context of IFDMA

systems for N = M =8, K =4 and J = 16, when the BS invokes MMSE JFDEC receiver

of Figure 4.4. The systems communicate over frequency-selective Rayleigh fading channels

associated with L = 8, path-loss exponent n = 4 and shadowing variance ag = 8 dB under

perfect power control. The source and relay schematics were shown in Figures 4.1 and 4.3,
while the system parameters were summarised in Tables 4.5 and 4.9.

Moreover, the sum-rate of the MA-RS in Figure 4.15(c) is not unduly affected by varying the
number of relays, when compared to both the SU-RS and MU-RS schemes. Additionally,
we note that the MA-RS is capable of supporting OC, even when the number of relays is
J<K.

4.6.6 Energy-Efficiency of Opportunistic Cooperation Subject to Shad-

owing

For the sake of quantifying the attainable energy-efficiency, Figure 4.16 illustrates the ECG
versus the Ey/Ny performance of both the SDR and SSR in the context of OC systems
invoking different power allocation and relay selection schemes for a shadowing variance of
8 dB under perfect power control for the SU-RS in conjunction with J = 4 and for the
MU-RS using J = 16. Clearly, when aiming for a fixed target FE},/Ny of say —10 dB in the
presence of shadowing compared to a non-cooperative DT scenario, the multi-user diversity
gain that accrued from avoiding small-scale fading allows the MU-RS scheme to achieve a
significant ECG of 4 for EPA and 4.5 for OPA, while the SU-RS attains gains of 2.6 and
3.1 for EPA and OPA, respectively. The MA-RS obtains a similar ECG as the OPA aided
SU-RS, but imposes a significantly lower complexity. Finally, the RRS has the lowest gain

of about 1.5, regardless of the specific power allocation employed.

Furthermore, since we adopt the direct transmission regime in the absence of shadowing
as a reference, the shadowing effects imposed on ECG are illustrated in Figures 4.17(a)
and 4.17(b) for the SU-RS and MU-RS invoking EPA, while in Figure 4.17(c) for DPA
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FIGURE 4.17: ECG versus Ey, /Ny performance of various relay selection schemes combined
with power allocation for the OC using the subband-based AF in the context of IFDMA
system for N = M =8, K = 4 and J = 16, when the BS invokes MMSE JFDEC receiver

of Figure 4.4. The systems communicate over frequency-selective Rayleigh fading channels

associated with L = 8, path-loss exponent 1 = 4 upon varying the shadowing variance O'g

under perfect power control. The source and relay schematics were shown in Figures 4.1
and 4.3, while the system parameters were summarised in Tables 4.5 and 4.9.

aided MA-RS associated with J = 16 under perfect power control. The ECG difference
between the scenarios associated with different shadowing variances implies that oppor-
tunistic scheduling constitutes a power-efficient design, when communicating over realistic
shadow fading channels associated with ag =0,2,4,8 dB, compared to the DT benchmark.
Specifically, when reducing the transmit power and hence Ey, /Ny, the ECGs of both MU-RS
and MA-RS are increased more substantially for O'g = 8 dB compared to the lower fading
variances considered. For instance, the MU-RS and MA-RS may achieve an ECG of 9 and
8 at Ey, /Ny = —10 dB, respectively.
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4.7 Summary

In this chapter, we assumed that the relays were roamed in a geographically distributed sce-
nario. The performance benefits of the energy-efficient opportunistic cooperation conceived
for the multi-user SC-FDMA uplink were evaluated, when communicating over frequency-
selective fading channels in large-scale fading environments. In order to maintain MUI free
conditions at the relays, each relay was assumed to employ the subband-based AF scheme
of Figure 3.3(b). Furthermore, since the noise imposed at BS’s receiver both by the direct-
and relaying links has a coloured spectral density, the MMSE FD-LE based JFDEC so-
lution of Figure 4.4 was proposed, which jointly optimised the equalisation and receiver
diversity combining at the BS’s receiver, in order to maximise the cooperative diversity
gain. Moreover, a number of energy consumption metrics were adopted for evaluating the
energy-efficiency of the proposed schemes. In this chapter, we proposed three different types
of channel-dependent relay selection schemes designed for opportunistic cooperation, which
relied on specifically designed source/relay power allocation in the presence of both pass-loss
and shadowing, while subjected to imperfect power control. Firstly, the SU-RS scheme of
Figure 4.5(a) was designed, when assuming that the number of available relays is sufficient
for each cluster of relays serving a single source M'T. Secondly, assuming that the number of
available relays is insufficient, the proposed MU-RS scheme of Figure 4.5(b) allows multiple
users to share the same cluster of relays. Finally, the MA-RS scheme dynamically assigns a
single relay to serve all the source MTs, when the number of relays is lower than the number

of source MTs.

Our performance results demonstrated that at a BER of 10™4, the proposed JFDEC aided
BS’s receiver of Figure 4.4 is capable of saving 2 dB power by achieving a higher cooperative
diversity gain than the conventional receiver of Figure 3.4. Furthermore, as shown in Figure
4.8(a), the optimal location of the AF relay is close to the BS and the AF relay requires
a lower transmit power than the source MT. When the relays are dynamically distributed,
the proposed SU-RS, MU-RS and MA-RS schemes of Figure 4.5 benefit from substantial
selection diversity gains in diverse shadowing scenarios. For instance, when the channel
exhibits as high shadowing variance as 8 dB at E, /Ny = —10 dB, an ECG of 2.5 — 4.5 is
attainable by invoking the proposed SU-RS, MU-RS and MA-RS schemes in comparison
to the conventional DT scenario. Most importantly, the ECG gleaned from our MU-RS
and MA-RS schemes may increase to 4 — 8, when the shadowing variance is increased
from 4 to 8 dB, compared to the DT in the absence of shadowing at E}, /Ny = —10 dB.
Finally, Table 4.10 summarises the power reduction in terms of the SNR gain per bit 'ybA
recorded at the BER of 107 for the various relay selection schemes using OPA for the
AF based OC SC-FDMA uplink compared to the DT benchmark using N = L = M = 8,

when communicating over frequency-selective fading channels. The schemes are listed in
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TABLE 4.10: Power reduction in terms of the SNR gain per bit 7' (dB) for the various relay

selection schemes using OPA for the AF based OC assisted SC-FDMA uplink compared to

the DT benchmark using N = L = M = 8, when communicating over frequency-selective
fading channels. The schemes are listed in descending order of complexity.

Scheme | Figure || e (dB)
MU-RS | 4.12(d) 18
MA-RS | 4.13(b) 16
SU-RS | 4.12(b) 16
SRS 4.12(b), 4.13(b) 11
RRS 1.12(b), 4.13(b) 7

descending order of complexity.

In the next chapter, we will consider dynamic resource allocation aided opportunistic relay-
ing conceived for the SC-FDMA uplink, where we assume that the relays are geographically

localised in each other’s vicinity.

Appendix

It follows from Eq. (4.24) in Section 4.3.2 that all the diagonal elements of A}, are equal,

which are given by
1 1 N-1
D D,f D D,f
G = T [AL] = = 3 <(u)k,7n)*h07k,’n + (wk,7(n+N))*th,7n) . (4.43)
n=0
The power of the desired signal at any instant is expressed as

S (L P 2
0,k 1,k
Pies = PS(als,,)? = N E < /\/D ) ek/n] , (4.44)

1,n

In parallel, the power of the estimated signal, which is defined as the power of the desired
signal plus the power of the ISI, is given by the circulant covariance matrix of the estimated

signal z?,’t as follows:

1
Pest = Paes + Pist = - Tr {E (A}, =}, (z},)" (A},)"]}

D,f D,f 2 4.45
S Nzl hO k' |2 s |h1 o |2 . | ( )
Nl,n "
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Additionally, the desired signal is also corrupted by the noise, whose power is given by the

diagonal elements of the covariance matrix of the equivalent noise at the receiver, yielding

1 hODkf’ § |h]1)kf/ °
N = NTr{E [n%(n}) =< § ( A )ei/n. (4.46)
1,n

Hence, we may express the overall signal-to-interference-and-noise ratio (SINR) v per bit
as below

-1

B —1
y Pyes 1= 'Yk/ +'ka 1
K = ———————= = J— —
PISI+N Nnoryk’ +r}/ +1
(4.47)







Chapter

First-Hop Quality-Aware Dynamic
Resource Allocation for the

Opportunistically Relayed
SC-FDMA Uplink

5.1 Introduction

Relay-assisted radio frequency communications [197] have been explored in the context
of diverse ad-hoc and cellular networks for the sake of improving the attainable spectral-
efficiency or energy-efficiency of classic direct transmissions (DT) [42,51,198]. Single or
multiple [43,44], serial or parallel [45], static or dynamic [65] relaying have been investi-
gated, providing diversity gains in the time-, frequency- and spatial-domains. Naturally,
the availability of inactive mobiles as candidate relays has the potential of mitigating the
effects of fading. The activation of multiple relays results in cooperative diversity and when
dynamically reassigning the relays based on their location and/or channel quality, we arrive
at the concept of opportunistic relaying (OR)! [16,66,67,81,199], where the direct link is

unavailable.

As we argued in Chapter 1, orthogonal frequency-division multiplexing (OFDM) style broad-
band single-carrier frequency-division multiple-access (SC-FDMA) systems, such as the

Third Generation Partnership Project’s (3GPP) Long Term Ewvolution (LTE) system’s up-

In this chapter, we assume that the direct link is unavailable, hence we use the terminology of ’oppor-
tunistic relaying’ (OR). In Chapter 4, we assumed that the direct link was available, therefore we used the
terminology of 'opportunistic cooperation’ (OC) .

109
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link scheme [91,102] and its downlink orthogonal FDMA (OFDMA) scheme [200,201], conve-
niently facilitate near-instantaneous adaptive subband /subcarrier allocation and multi-user
scheduling. These techniques rely on the channel state information (CSI) of the subbands/-
subcarriers [56-58, 60, 70-72,202-205], when communicating over frequency-selective fading
channels. Compared to classic single-hop transmissions, optimising resource allocation for
relay-assisted dual-hop transmissions is more challenging. As a benefit, the system enjoys an
improved performance at the cost of an increased complexity. However, directly adopting
the conventional OR concept of [65,199] to OFDM based systems at the OFDM-symbol
level fails to exploit the different channel conditions of the different subcarriers or of the
different relays. More advanced techniques such as adaptive subcarrier allocation are re-
quired [74,175,191]. However, since relay-assisted OFDM transmissions are subjected to
two-hop fading channels, dynamically rearranging the subcarriers at multiple relays may of-
fer some additional diversity gains by appropriately pairing the subcarriers of the two hops.
This subcarrier pairing philosophy was employed in [73,75-78] for relay-assisted amplify-
and-forward (AF) as well as decode-and-forward (DF) single-user OFDM systems. This ap-
proach may also be applied in multi-user scenarios, such as in OFDMA | where the subcarriers
of the two hops may be paired on a per-user basis [79], hence also minimising the multi-
user interference (MUI). The corresponding resource allocation and multi-user scheduling
may be carried out on a subband-group basis per user in the frequency-domain(FD). As
a further advance, multiple relay selection schemes were investigated in [41,206-209] in a
single-user scenario. Selecting multiple relays may be capable of increasing the achievable
cooperative/spatial diversity gain, but as a result, the potential selection diversity gain will
be decreased, when the total number of opportunistic relays is the same. Furthermore, the
interference among the multiple activated relays should be mitigated, which imposes further
complexity on the transceivers. Therefore, carefully assigning the subbands/subcarriers in
the context of OR is capable of improving the diversity gain by avoiding the extra multi-relay

interference, while retaining the MUI-free nature of SC-FDMA and OFDMA systems.

In Chapter 4, we proposed relay selection schemes for the energy-efficient opportunistic co-
operative (OC) SC-FDMA uplink, but no CSI-controlled subband allocation was considered.
Although both dynamic relay selection (DRS) [67,199] and dynamic subband/subcarrier al-
location (DSA) techniques [71,204,205] are capable of providing a power gain, conventional
DSA aided OR may be incapable of exploiting both. The main reason for this limitation is
that the two hops of the relay channel limit the capacity to that of the lower-capacity link
of the two hops. In the context of OR assisted SC-FDMA systems, both the AF relay and
the DF relay limit the attainable multi-user performance, depending on the quality of the
first-hop. The consideration of the received signal at multiple relays is capable of further
improving the performance of dynamic resource allocation (DRA) [58] aided OR systems.

As a further advantage of channel coded OR, the length of the interleavers combined with
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forward error correction (FEC), such as bit-interleaved coded modulation (BICM) [92] intro-
duced in Section 2.3, may be shortened, since the effects of fading are further randomised by
OR. As a benefit, the delay of the entire FEC-coded DF-relaying aided system is reduced.

To the best of our knowledge, these issues were not considered in the open literature.

In Section 5.3, we propose two DRA strategies designed for the OR SC-FDMA uplink,
where the ORs may invoke either the AF or the soft-decision aid DF protocols [49,210]. We
assume that the multiple relays are capable of exchanging the pilot-based channel quality
information (CQI) of all the users, facilitating cooperation at the relays in order to carry
out joint DRA (JDRA). The original multi-user information exchange scheme operating
with the aid of a single relay was referred to as multi-way relaying (MWR) 2 in [211]. We
assume that multiple relays participate in the MWR, procedure for the sake

e In contrast to the solutions mentioned above, our focus is mainly on the energy-
efficiency of the DRA aided OR assisted SC-FDMA system, where the energy-efficiency
is quantified in terms of the energy consumption gain (ECG)® as introduced in
Chapter 4. Additionally, we evaluated the impact of the channel estimation overhead
and that of the MWR-aided CQI exchange overhead on the energy-efficiency.

o Furthermore, we dedicate special attention to two main aspects, namely to the ’first-
hop quality awareness’(FHQA) of our DRA schemes and to the "buffering delay

awareness’ of our interleaver-aided channel coded systems.

1. Specifically, we exploit any potential extra selection diversity for the sake of re-
ducing the transmit power required and/or for improving the attainable system
performance. To this end, we combine DRS and DSA based on the associated
first-hop transmission qualities. Furthermore, two different types of FHQA based
JDRA algorithms are investigated, depending on whether the S-R or the R-D
channel quality dominates the attainable performance, when the system invokes

either single or multiple antennas at the BS receiver.

2. Moreover, we quantify the benefits of OR combined with DSA in the context of
interleaver-aided DF relaying for transmission over correlated fading channels,

in terms of reducing the interleaving delay and/or the total transmit power with

the aid of joint OR and DSA.

2This terminology is reminiscent of the process used in [211] for describing the data-exchange that takes
place amongst multiple data-source and destinations, but again, we only assume the employment of MWR
for CQI exchange.

3 As the metric of comparing two different systems, the ECG is simply defined in [1] as the ratio of energy
consumption per bit by a reference system divided by that of a proposed system under test, where the
absolute measure of energy consumption per bit is defined as the peak power divided by the maximum
throughput.
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e Our investigations involve two advanced frequency-domain equalisation (FDE) schemes,
namely one designed for uncoded and one for channel coded SC-FDMA systems. More
explicitly:

1. One of them is the minimum mean-square error (MMSE) criterion based
frequency-domain decision-feedback equaliser (FD-DFE) relying on the

principles of successive interference cancellation (SIC) [86,87].

2. The other one is the MMSFE based turbo frequency-domain linear equaliser
(FD-LE) in the principle of turbo equalisation proposed in [88-90] combined with
BICM using iterative decoding(ID) [92,152] introduced in Section 2.3.2. Ad-
ditionally, the performance benefits of both single- and multi-antenna aided BS

receivers have been considered.

This chapter is organised as follows. In Section 5.2, we will first outline the system model
of the OR assisted SC-FDMA uplink. In Sections 5.3 and 5.2.4, we investigate the resource
allocation schemes invoked and outline the signal detection procedures employed at the
multi-antenna aided BS receiver, respectively. The attainable performance of our proposed
schemes is quantified by the simulation results of Section 5.4. Finally, we conclude in Section

5.9.

5.2 Opportunistic Relaying for SC-FDMA System Model

5.2.1 Scope and Assumptions

Figure 5.1 illustrates the topology of the opportunistic relaying (OR) for SC-FDMA system
considered, which supports the K uplink users of the set X referred to as the source MTs
of a traffic cell. The idle terminals located in each other’s vicinity are members of the
set d, which may act as a cluster of relays. We assume that these relays of a cluster are
located midway between the source MT and the destination BS, hence they are assumed to
experience an identical path-loss of Gsg = Grp = 0.57%. On one hand, each source MT,
such as the k-th user’s, is dynamically assigned to an appropriately selected single relay, say

Jk, i.e. we have
ﬂ =2, Vi€, (5.1)
keX
where Jj, represents the best relay set of user k. On the other hand, each relay is capable of
forwarding up to K users’ signals at a time, so that the j-th relay may serve the specific users
hosted by the paired set X;. We note that no relays are involved in the data transmission

process, when the set of eligible relays is empty, i.e. we have X; = @. Therefore, we define
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) J—1
| first-hop dsr = 0.5 | second-hopizp = 0.5 |
!

FIGURE 5.1: The topology of opportunistic relayed multi-user SC-FDMA uplink. This is
a generalised case of the relay selection schemes of Figure 4.5. Compared to Figure 4.5,
the basic differences rely on that (1) the direct link is unavailable; (2) cooperating relays
geographically localised in a cluster are capable of exchanging CSI; (3) the BS’s receiver
employs multiple antennas. The corresponding transceiver schematics are portrayed in
Figures 5.2 for source MT’s transmitter, Figure 3.3(b) for AF relay, Figure 5.4 for DF relay

and BS, as well as Figure 5.5(a) for BS receiver in uncoded system.

(o) bi :L‘f j}t
k FEC k SP k | Subband k
—|encoder | ; - Meary 4 DFT || mapper - IDF}E

R e QAM gt | T Pz | Tu |Ps

FIGURE 5.2: Transmitter schematic of the source MT relying on a BICM aided SC-FDMA.
The corresponding frame structure of BICM aided SC-FDMA transmission was portrayed
in Figure 2.14. The principle of uncoded SC-FDMA was introduced in Section 2.2.2 and
the BICM principle was detailed in Section 2.3. The corresponding TD/FD signal plots
are seen Figure 2.10(a) and Figure 2.11(a). The corresponding transceiver schematic of the
subband-based AF relay was portrayed in Figure 3.3(b), while the receiver schematic of the

DF relay and the BS of BICM aided SC-FDMA will be characterised in Figure 5.4.

all the selected relays in the set g, (V] € J ), according to

g:ng‘, ggg,
keX
st.: K, #@

5.2.2 Source MT’s Transmitter Model

5.2.2.1 Transmitted Signals of Source MT

(5.2)

The channel coded SC-FDMA transmitter adopted the bit-interleaved coded modulation
(BICM) [92, 152] structure of Figure 5.2 introduced in Section 2.3.1. Specifically, at the

k-th source MT, the Nyp-length binary source data stream b? is initially encoded by an
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k-th user’s

DFT-spread OFDM
N = 4 subbands signal

EV KV EV K

U = NM = 16 subbands

FIGURE 5.3: An example to illustrate bandwidth expansion and localised subband mapping

schemes in the SC-FDMA system using total U = 16 subbands for N = 4 subbands per

user. The system can support K < M = 4 users. We originally introduced this figure in
Section 2.2.2.

outer channel code, such as a recursive systematic convolutional (RSC) code or a turbo
code, having a coding rate of R.. Then the outer encoded bit stream ¢} of Figure 5.2 is
interleaved by a Nc-length random bit-wise interleaver 7g and its output bit stream bl =
(b)) (b, )T, 7(bik,(Ns—1))T]T is fed into the M-ary quadrature amplitude modulation
(QAM) mapper transmitting Q bits per symbol, where we have Ny = N./Q and M = 2%,
Hence we partition the Nc-length bit sequence b},C of Figure 5.2 into Ng segments b}ws,
each having a length of @ for ng = 0,1, --- , Ny — 1. Moreover, the Ng-length modulated
symbol sequence of Figure 5.2 is then converted to Ny symbol vectors xi’t[nv], (Vn, =
0,1,---,Ny — 1), in which each vector :1:2’t is constituted by a SC-FDMA symbol, which

contains N consecutive modulated symbol elements xi’; in the time-domain(TD), (n =

0,1,---,N —1).

Furthermore, in the so-called discrete Fourier transform (DFT)-spread OFDMA transmitter
of Figure 5.2, the symbol vector is transformed by an N-point DF'T from the TD to the FD,
yielding xi’f =F in’t, where the normalised N-point DFT matrix F acts similarly to a
Walsh-Hadamad spreading matrix often employed in code-division multiple-access (CDMA)
systems [102,212]. As shown in Figure 5.3, the k-th user’s resultant symbols are then mapped
to the most appropriate N subbands selected from the entire set of U = (M x N) subbands
with the aid of the matrix 'P% at the source MT. We referred to this operation as subband
mapping in Section 2.2.2, which will be further detailed in Section 5.2.2.2. Hence, the SC-
FDMA symbol originally hosted by IV subbands is expanded by a factor of M, hence we refer
to M as the bandwidth expansion factor. Additionally, the resultant U-element FD symbol
vector is transformed to the TD by the U-point inverse discrete Fourier transform (IDFT)
operation, which is similar to the action of the OFDM transmitter of Figure 2.1(a) discussed
in Section 2.1.1. The corresponding TD/FD signal plots are seen Figure 2.10(a) and Figure

2.11(a). Hence, the U-symbol baseband-equivalent discrete-time signal s%’t transmitted by
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the k-th source MT before inserting the cyclic-prefix (CP) may be expressed as Eq. (4.1)

syt =\ PSFHPF e}, (5.3)

where the superscript ® refers to the TD signal. We assume that the source and relay share
the normalised transmit power of unity equally, i.e. we have PkS = P,% = 0.5, while .7:5

denotes the normalised U-point IDFT matrix defined in Section 2.1.1.

5.2.2.2 Localised Subband Mapping Invoking Subband Allocation

In the context of the SC-FDMA system of Figure 5.1, the subband mapping regime guaran-
tees that the maximum number of orthogonal users that may be supported for transmissions
in a single time slot is equal to the bandwidth expansion factor, i.e. we have K<<M. For in-
stance, the multi-user system operates at its full-load, when we have K = M. Furthermore,
the so-called localised subband mapping mode, which was detailed in Section 2.2.2, allows
each user’s SC-FDMA symbols to be mapped to N consecutive subbands in the entire set
of U subbands, as detailed below. When the CSI of each user’s signal is available at the
transmitter (CSIT), the DSA allows the localised group of subbands portrayed in Figure 5.3
to be allocated dynamically on a group-by-group basis, depending on the CQI of different

users.

To elaborate a little further, the subband allocation philosophy of our system is based on

the localised subband mapping portrayed in Figure 5.3 and defined as

qukﬁm) _ { 1, ifu=mN+n
' 0, otherwise
m=0,1,--- ;M —1, (5.4)
n=0,1,--- ,N—1,
w=01,--,U—1,
where Pélfﬁm) is the (u,n)-th entry of P? and m € M refers to the index of the individual
spectral blocks seen in Figure 5.3. Each block consists of NV consecutive subbands in the
so-called subband group defined for resource allocation. Additionally, we define the static
subband allocation (SSA) regime as having m = k in Eq. (5.4), which results in the localised
FDMA (LFDMA) signalling seen in Figure 5.3 adopted in both our source MT’s transmitter
and in the relay’s receiver. Furthermore, m # k refers to the DSA supported by our relay’s

transmitter and the BS’s receiver. We will detail the DSA in Section 5.3.
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5.2.3 Relay Models
5.2.3.1 Signal Reception at the Relay

Again, there are J candidates for potential opportunistic participation in relaying and all of
them are capable of listening to all the K source MTs. After the conventional CP removal,

the TD signal received at the j-th relay may be expressed as

Rt _ 7SRt Sit | =Rt
T _‘/GSRZHRJ sy +n;, (5.5)

keX

where H 21}1: hosts the (U xU)-element TD channel coefficient matrix of the S-R links from
the k-th source MT to the j-th relay, while ﬁ?’t represents the U-element complex-valued
additive white Gaussian noise (AWGN) vectors having a zero mean and a variance of o3; as

regards to each element, i.e. we have CN(0,0%) at the j-th relay.

The k-th user’s signals r?’t received by the j-th relay are firstly transformed to the FD by
the U-point DFT operation and then demapped to the appropriate N subbands with the
aid of the matrix ('P%)T defined in Eq. (5.4), yielding its equivalent FD representation in

the form of

= (PY)TFur' = /GspH, V'al + (PR Funl, (5.6)

where H iP;f is the (N x N)-element equivalent FD channel coefficient matrix after subband

demapping, which is given by

HSRf (PSTF, HSRt}-HP —diag[h?}é,h?}i’” hSZ‘gN yl- (5.7)

5.2.3.2 Transmitted Signal of the Relays

Let us now consider the transmitted signals of the relays. We assume that the transmitter
of the SC-FDMA relay is identical to that of the source MT. Before inserting the CP at the
j-th relay of the set g, the U-element TD transmitted signal s?’t containing the kj- € Kj

source users’ data may be expressed as

=D s = D si (5.8)

keX k5 €3G

where py, ; is the S-R pairing factor of the k-th source and the j-th relay defined as follows

1, ifk=kjj =],
Prj = J (5.9)
0, otherwise.
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Observe in Eq. (5.8) and Eq. (5.9) that from the set of J relays, only the relays j selected
for the set J are activated to forward the source data of user k; in the set X5, while the

remaining candidate relays are not allowed to transmit.

Additionally, the technique of generating the signal transmitted from the relays depends on
the specific choice of relaying protocols in operation, i.e. whether we use AF or hard-/soft-

DF relaying. We shall discuss the various protocols in the following sections.

5.2.3.3 Amplify-and-Forward Protocol

According to Section 3.3.2, when the relay employs the subband-based AF protocol of
Figure 3.3(b), the FD signal ygj’f may be amplified on a subband-by-subband basis. More
specifically, the n-th entry of the (N x N)-element diagonal matrix ﬂfc refers to a specific

gain factor, which is given by

Blom = \/1/ (PSGsrlng1? + o2). (5.10)

Since only the k:j—th source user’s signal can be forwarded, here we present the resultant TD
signal transmitted on the j-th relay, which is formulated as
Rt _ / HpR SR,f S,f , Rt

Skj = P]%GSR}-U'ijﬂijkJ zk} +nk5 , (5.11)

where ﬁif_t denotes the noise contribution imposed on the k;-th user’s signal at the relay,
J

which is expressed as ﬁiit = .7"57’5,3;93 (Pgi)TfU'ﬁ,?’t. Furthermore, P} refers to the k;-th

J J g J J
user’s subband mapping matrix at the j-th relay according to the specific subband allocation

strategy, which will be presented in Section 5.3.

5.2.3.4 Decode-and-Forward Protocol

The receiver of the DF relay invokes the MMSE based turbo FD-LE of Figure 5.4(a) in the
principle of turbo equalisation algorithm in [88-90]. As shown in Figure 5.4(a), the kj;-th
user’s first-hop FD received signal vectors ygj’f[ns] at the j-th relay, for (ny, =0,1,--- , Ny, —
1) and (Ny = Ng/N), are equalised by the a-posteriori probability based MMSE FD-LE
combined with the symbol-to-bits demapper. All signals are represented in terms of their
logarithmic-likelihood-ratio (LLR), as seen in the iterative structure of Figure 5.4(c), which
is based on the BICM concept using iterative decoding (ID), which was detailed in Section
2.3.2.

Hard-Decisions: In order to recover the original bit sequence at the relay, during the last



118  RESOURCE ALLOCATION FOR OPPORTUNISTICALLY RELAYED SC-FDMA

Soft-MMSE
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(a) Turbo FD-LE for SC-FDMA.
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(b) Soft-DF transceiver for SC-FDMA.
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(¢) The M-ary BICM-ID decoder block of Figure 5.4(a) using iterative
decoding (ID).

FI1GURE 5.4: The identical turbo receiver schematics of the DF relay and of the BS relying

on BICM-aided SC-FDMA, where the DF relay’s receiver employs single antenna, while

the BS’s receiver may employ multiple antennas as seen in Figure 5.4(a). This schematic of

Figure 5.4(c) was repeated from Figure 2.15 for convenience. The corresponding TD/FD

plots were shown in Figures 2.10(a) and 2.11(a). Particularly, the schematic of soft-DF

relay’s transceiver is portrayed in Figure 5.4(b) invoking the soft symbol input from the
BICM-ID of Figure 5.4(c).

iteration we make a hard-decision as to the original source bits. This process only requires

the extrinsic LLRs L%°(b}.) related to the source bit stream bp_ at the output of the channel
J J

decoder, but not those of the parity bits. Hence we generate the hard-decision vector b

J

whose (-th element may be expressed as

IA)EW = 0.5 |round {sgn[—ﬁo’e(sz7b) + 0.5]}‘ , (5.12)

where we have ¢« = 0,1,---, (N, — 1). Before regenerating the SC-FDMA symbol at the
relay’s transmitter, the bit sequence Z)? , is encoded and passed to the channel interleaver
J7

7R in order to form the inner-encoded bit stream for modulation, as seen in Fig 5.4(c).

Soft-Decisions: By contrast, in order to reduce the detrimental effects of error propaga-
tion, soft-decisions may be invoked [49,210], as shown in Figure 5.4(b). Specifically, instead
of using extrinsic LLRs L>¢(b)_), the extrinsic LLRs related to the encoded bit stream ¢

J J

of Figure 5.2 may be used as the relevant soft-decision variables. Following the appropriate
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reordering of the bits in the sequence by the soft-bit interleaver ng of Fig 5.4(c), the resul-
tant LLRs Eo’e(czj) become the a-priori information Ei’a(bikj_) of Fig 5.4(c), which allows us
to calculate the bit probability P(bkj-,ns,q =b;q), for ¢ =0,1,--- ,Q — 1. Then we further
derive the probability of the transmitted symbols of the k;-th source MT, which are given
by [88]

Q—l ﬁi,a
S ,t 1 °© kv7(nSQ+q)
P(ay,, =si) = 11 5 |1+ bigtanh ===, (5.13)
q=0

where we have ng = nyN +n for ng = 0,1,--- ,(Ny—1), n =0,1,--- ,(N — 1) and ¢ =
0,1,---,(Q —1). Additionally, the symbols of the k-th user forwarded by the j-th DF relay

may be defined by the corresponding soft-decision aided complex symbol ii;ns, which can

be expressed in terms of the expected value of the transmitted symbol mi:tn as
J? S

Rt St
mk MNs mkj,ns mk ns ZSZ mk Ns SZ) (514)
s €8
Finally, the n,-th N-element DF symbol vector xi’t[nv] = [x? tl,xg tl,--- x? t(Nil)]T is
J

used for generating the k-th user’s U-element transmitted DFT spread OFDMA symbol
sgjt at the j-th relay, before attaching the CP, yielding
J

Rt R,t
s = [ PEFUPLEF e (5.15)

where the subband allocation process of the corresponding S-R pair is carried out by the

matrix 'P?
J

5.2.4 Signal Representation at the Multi-Antenna Aided BS Receiver

Since we assume that the BS’s receiver seen in Figure 5.4(a) or Figure 5.5(a) invokes Ny
antennas, the U-element TD signal vector holding the K user’s data received at the n,-th
BS antenna from the selected relays in the set § may be expressed as:
-D RD/t Rt | =Dt
gt = Z\/ H]n + 7,
j€d

_Z\/—HRDt Z th+n

j€d k; €5

(5.16)

where the H Rn " denotes the (U x U)-element TD circulant channel coefficient matrix be-
tween relay j and the n,-th antenna. Next, the U-point FFT carried out at each antenna of
Figure 5.4(a) or Figure 5.5(a) transforms the TD signal ngt into the FD, where the signal

of user k:j is then demapped into the appropriate subband group according to the subband
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allocation matrix by 'P% at the relay, where we have
J

f ~
Yo, = (P FUgy
~RD, D
= (’P%)T}-U(V GRDH57nrt + i, )-

J

(5.17)

5.2.4.1 AF Signal Received at the BS

Specifically, for the AF scenario of Figure 3.3(b), both the two hop’s channel knowledge is
available at the BS’s receiver, when aiming for detecting the original signal transmitted by
the source MTs. Hence, the received signal of user ki at the n,-th antenna of Figure 5.4(a)

or Figure 5.5(a) may be formulated as

ygr’fkj ,/P GRDGSRHk nr'B HSRf]: (E

GRD(P?.)TJ’UH Sy (PR Y Fualt (5.18a)

nn

where H ?;?r’i = ('P?j_ VI FuH ii’t}' a 'P?j_ represents the equivalent FD R-D channel coefficient
matrix. Furthermore, we express the equivalent FD two-hop channel matrix related to the
n,-th antenna as H AF of =+ GRDGSRH ﬂ H SR, Additionally, the equivalent noise im-
posed at the n,-th antenna over the two- hop hnk is nAF D.f ('PR Y Fu(v GRDHRD 7 R b4

nS rt kJ) and the corresponding noise power of the n-th element may be estimated as N,fan =

ox e |* + 0%/ 57,

5.2.4.2 DF Signal Received at the BS

By contrast, in the DF scenario of Figure 5.4(a), the BS’s receiver only detects the signal
transmitted by the relay, which relies only on the CSI of the R-D link. Hence, we arrive at

the received signal of user k; at the n,-th antenna of Figure 5.4(a) expressed as:

Yol =/ PRGroE I F e + (PR )T Fui

PRHDF,f]_- DF-D,f (5.18b)
ks ks x +nnk )

where H DVF’f VG DH R denotes the equivalent FD channel matrix for reception by
the n,-th antenna in the Context of DF relaying, while the noise contribution 'n,DFkDf

J
(P%)T}' Unnr,k; is imposed at the n,-th antenna and the corresponding power of the n-th

clement is ND¥, = o%.
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TABLE 5.1: BS’s Received Signal Comparison of AF and DF relaying

I AF | DF
Signal Power Transmitted power Pé_’ at relay Transmitted power P,f; at relay
Data Symbols Original symbol 1:2: at the source | Regenerated symbol xi:t at the relay
DFT Spreading N-point FFT Fn N-point FFT Fn
Channel \/GRDGSRHE?}'Z,B% Hiiﬁf \/GRDHE;?;;Z
Noise Power ox|hEDI? 4 U%/ﬂﬁ; o
Reception Multiple-access at the n,-th antenna | Multiple-access at the n,-th antenna

5.2.4.3 Receiver Diversity Combining

Based on Eqs. (5.18a) and (5.18b), we conclude by comparing the AF and DF signals
received by the n;-th BS antenna in Table 5.1. Hence, the similarities and differences stated
in Table 5.1 allow us to arrive at the generalised multi-antenna aided received signal model.
Specifically, the N, N-element power-normalised FD observation of user k' = kj- received via
N, antennas is formulated as:

yi./ = H,Ig/mz./ + nfg/, (519)

where we have

. T
v = JUPY G0 @O )] (5.20)

Hy = HyFn=|hpohwi, - hyn-], (5.21)
) ) ) T
Hy, = |HJOTHDT )G )| = [kl B4 (5:22)

3

s, R, : )-D,f )-D,f )-D,f T
z, = xk; or xk;, ni, = 1/1/P1§5) {(né)k] )7, (n&] )7, 7(7;&3&71)’]6 )T] (5.23)

Specifically, Hy, denotes the (N, N x N)-element equivalent interference channel coefficient
matrix invoking N-point DFT spreading? of user &/, where nz, holds the normalised noise
imposed on the N, antennas. Note that P,%) represents the transmitted power of the source
or the relay, depending on both H l(c;nr and on the noise-component nir):,]; fof AF or DF
relaying, respectively. Let us introduce the vector e, = [0g,01,--- , 14, ,0x_1]7. Then
the n-th column of H;s and Hi/ is given by hy , = Hse, and hf/m = H/i‘/en7 respectively.
Additionally, the [(n, N + n’),n]-th entry of Hy may be expressed as:

1 = 2nn’
hk’,(nrN—l—n’)m = \/N Z hfﬂ’,(nrN-‘rn’),n” exp <—j N > s (524)
n'=0

1As a result, the corresponding equaliser weight matrix W of Figures 5.4(a) and 5.5 also invokes the
N-point DFT operation F . Therefore, the N-point IDFT operation at the receiver is not necessary after
applying W% and it is denoted as (FX) in Figures 5.4(a) and 5.5(a), which is also shown in the dashed block
of Figure 5.5(b).
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(b) Reliability-aided real-valued MMSE-SIC FD-DFE using soft-output

F1GURE 5.5: Receiver schematic of MMSE-SIC FD-DFE for the uncoded SC-FDMA uplink,
which was derived from Figure 2.12. Their difference is the multi-antenna aided MMSE-SIC
FD-DFE replaces the single-antenna aided MMSE FD-LE of Figure 2.12.

where hf, (neN+n) e 15 the [(neN + n'),n"}-th entry of Hf,, and hl, » = 0, when

n' #n" (n,n',n"=0,1,--- ,N —1).

J(ne N+n'),n

5.2.4.4 Frequency-Domain Equalisation

The BS’s receiver of uncoded SC-FDMA seen in Figure 5.5(a) may then invoke the MMSE
based real-valued FD-DFE relying on the principle of SIC as described in [86, 87], which
is hence denoted as the MMSE-SIC FD-DFE scheme. The related so-called reliability-
aided MMSE-SIC detection philosophy of Figure 5.5(b), was originally applied for multi-user
detection (MUD) in CDMA and SDMA systems [86,87,213]. Unlike the conventional MMSE
assisted SIC based DFE of [55,102], which quantifies the reliabilities of the detected symbols
in terms of the SINR, the SIC based real-valued FD-DFE of Figure 5.5(b) determines the

SIC-ordering based on the maximum a-posteriori probability (MAP) criterion. Therefore,
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TABLE 5.2: Examples to contrast the resource allocation schemes in the following broad-
band systems: (a) Subcarrier-pairing based multi-relay assisted single-user OFDM [75], (b)
Scheduling of SC-FDMA [91], (¢) DRA-OR assisted SC-FDMA.

(a) (b) (©)

User | Relay | 1st-,2nd-hop User | DT User | Relay | 1st-,2nd-hop
1 1 1,3 1 3 1 1 1,3
1 2 3,5 6 (1) 5 2 6 (1) 2,5
1 3 4,1 5 1 3 5 3,1
1 4 2,2 4 2 4 4 4, 2
1 5 5,4 3 4 5 3 5,4

0 e
, O
| 00z
| first-hop | second-hop | | single-hop |
| | | | |
(a) Multi-relay assisted single-user OFDM (b) Multi-user scheduling of SC-FDMA

FIGURE 5.6: The topologies of two broadband systems. The regime seen in Figure 5.6(b)

exploits the independent fading of the K S-D links, while that of Figure 5.6(a) has a

potentially higher grade of freedom by exploiting the independent fading of the J S-R and
R-D links.

the impact of both the fading and that of random noise are taken into account during the
SIC process. In a SC-FDE system, the power of the residual ISI mainly depends on the
time-dispersion imposed by multi-path fading channels. By incorporating the real-valued
MMSE-SIC algorithm of Figure 5.5(b) detailed in [86, 87] into the FD-DFE receiver of
uncoded SC-FDMA, we are capable of removing the residual ISI.

By contrast, the BS’s receiver conceived for channel coded SC-FDMA systems may be
designed by invoking the complex-valued MMSE turbo FD-LE of Figure 5.4(a). The design
philosophy of the turbo FD-LE receiver was detailed in [88-90], based on the BICM-ID

scheme of Figure 5.4(c) reviewed in Section 2.3.2.

5.3 Dynamic Resource Allocation for Opportunistic Relay

In the OR channels we considered, both the spatial- and spectral-domain resources offered by

multiple relays may be explored for the sake of power reduction. In order to achieve a selec-
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tion diversity gain, the dynamic resource allocation (DRS) allows each user to benefit from
exploring both J different S-R channels and J R-D channels. The corresponding complex-
valued fading envelope may be deemed to be independent and identically distributed (i.i.d)
for each of these links of the resultant virtual multiple-input multiple-output MIMO scheme
created from the single antennas of the MTs. Furthermore, the DSA beneficially rearranges
the multi-user signals for transmission over the most appropriate subband groups for second-
hop relaying. Furthermore, experiencing frequency-selective fading in the DRA assisted OR
scheme may provide an additional multi-user diversity gain for the system. To elaborate a
little further, we provide an example to describe the evolutionary development of our pro-
posed DRA aided OR assisted SC-FDMA regime from two different systems in Table 5.25,
namely from the subband pairing aided multi-relay assisted single-user OFDM of Figure
5.6(a) and from the multi-user scheduling assisted SC-FDMA uplink of Figure 5.6(b). The
DRA conceived for OR assisted SC-FDMA may be regarded as an extended version of the
single-user subband pairing regime of Table 5.2(a) considered for our multi-user system,
as briefly mentioned in Section 5.1. Observe that, this regime is also reminiscent of the
multi-user scheduling invoked in the DT scenario, as shown in Table 5.2(b). To expound
a little further, multi-user scheduling allows specific subbands of multiple consecutive time
slots to be allocated to more than K = M dynamically assigned users, although only K or
less users associated with the best channels were activated for simultaneous transmissions.
By contrast, in the context of DRA aided OR, a beneficial diversity gain is attained by
scheduling the multi-user signals of appropriate subband groups, when relying on multiple
parallel relays within a single time slot. Therefore, the beneficial combination of DRS and
DSA is capable of assigning appropriate desired subband groups for conveying the multiple
users’ signals regenerated at the appropriate relays, each of which may dynamically serve

multiple users.

First-Hop-Quality- Aware Joint Dynamic Resource Allocation: Although the con-
ventional combination of DRS and DSA achieves a diversity gain with the aid of beneficial
subband allocation and relay selection, the grade-of-freedom associated with beneficially
allocating the multi-user signals across the entire set of (M x J) subband groups of the J
relays has not been fully exploited. Unless near-error-free decoding is possible at the DF
relays, the multi-user signals received and forwarded by the AF or DF relays may result in
error-propagation at the BS, due to the first-hop transmissions in terms of the S-R CQI.
This phenomenon motivates us to design and investigate attractive FHQA JDRA schemes
conceived for OR assisted SC-FDMA. We assume that the CSIs of the K S-R links and of

5In Table 5.2, the columns representing the 1st-, 2nd-hop and the DT lists the index of subcarriers in
Table 5.2(a), and the index of subband groups in Table 5.2(b) and Table 5.2(c). Notation 6 (1) in the second
line of Table 5.2(b) and Table 5.2(c) indicates that instead of allowing User 6 of Table 5.2(b) or Relay 6
Table 5.2(c) to transmit, User 1 of Table 5.2(b) or Relay 1 of Table 5.2(c) may be scheduled for transmission,
provided that the multiplexing is enabled in the context of Table 5.2(b) or Table 5.2(c), respectively.
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FIGURE 5.7: An example to illustrate the pilot-aided CQI exchange in the cooperative
cluster of J relays by assuming multi-way relaying (MWR).

the (M x J x N;) R-D links are estimated perfectly at each relay’s receiver. We also as-
sume that these cooperating relays are capable of exchanging their CQIs. More specifically,
as mentioned in Section 5.1, the (J — 1) relays of Figure 5.7 [211] transmit their CQI to
an appropriately selected relay that acts as a cluster-head, which then broadcasts the CQI
back to the (J — 1) relays. Let us now embark on designing two JDRA schemes, where the
relevant decision are made at the relay rather than at the BS. This implies that the BS’s
receiver does not require the CQI of the first hop. ©

In this section, five schemes are investigated:

1. Random relay selection (RRS) combined with SSA, denoted as '/RRS-SSA’;
2. DRS Combined with SSA, denoted as 'DRS-SSA’;
3. Conventional DRS approach combined with DSA, denoted as 'DRS-DSA’;

4. FHQA JDRA approach-1, denoted as ’JDRA-1’, a modified version of DRS-DSA in-
voking CQI exchange;

5. FHQA JDRA approach-2, denoted as ’JDRA-2’, a design alternative of JDRA-1.
Their scenarios are summarised in Table 5.3 7. Specifically, the extent of S-R and R-D

channel-quality dependence may vary with the relay strategies in terms of the different

modes. When the controller of the OR-aided resource allocation is located at the BS’s

6 Let us define the notations as follows. The notations X, d, M, GSR and SRD7 denote the set of
users k = 0,1,2,--- K — 1, (Vk € X), the relays j = 0,1,2,--- ,J — 1, (Vj € J), the subband groups
m=20,1,2,--- M — 1, (Ym € M), S-R channel gains Vg,i’l} € G5® and R-D channel gains ngjg € gRP
respectively. Given the elements in the set A, (Va € A), the notation & represents the selected element of
a and is collected in the set f[; the notation a; denotes the element a with ordering index 4 in the ordered
version A of the original set A. The notation & represents the clear’ operation. The notation U, \ indicates
that the element in {a} is incorporated or excluded from the set A, respectively.

" Note that, the channel dependence of each scheme may be characterised as being low or high over the
S-R or R-D channels; The options for the relaying strategy are distributed or localised using non-cooperative
relays (non-coop.) or cooperative relays (coop.); The controller may be located at the BS or relay cluster-
head.
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TABLE 5.3: Assumptions in OR~aided Resource Allocation

Mode || Channel dependence | Relay strategy | Controller
RRS-SSA None | Distributed non-coop. None
DRS-SSA R-D, low | Distributed non-coop. BS
DRS-DSA R-D, high Localised non-coop. BS
JDRA-1 S-R & R-D, high Localised coop. | Relay cluster-head
JDRA-2 S-R & R-D, high Localised coop. | Relay cluster-head
’ \\ id -7 T~ ~ , -’ e
\ ’ A -
\ ’ \ ¢ ~. //
\\ ,, \\ // \\\ ’
! Y4 Yy n
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\ 1 \ ’
\ \
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user2  ________ m 1

(a) On a subband-by-subband basis (b) On a group—by—group basis

FIGURE 5.8: An example of illustrating the allocation of K = 2 users’ signals to prospec-
tive subbands for N = 4 subband per user and bandwidth expansion of M = 6. The
corresponding localised subband mapping scheme was portrayed in Figure 5.3.

receiver, no cooperation is required among the relays. By contrast, the JDRA modes benefit
from the cooperation-aided interaction among the relays, in which case the optimisation

tasks are solved by the cooperative cluster-head of Figure 5.7.

5.3.1 Channel Quality Information

There are several reasons for grouping the IV subbands of each user together for relaying.
The first one is related to the relevant complexity considerations, since searching for the
optimal solution on a group-by-group rather than subband-by-subband basis is significantly
less complex. For instance, Figure 5.8 illustrates the prospective subband assignment of
the signals of K = 2 users both on a subband-by-subband basis in Figure 5.8(a) and on a
group-by-group basis in Figure 5.8(b). Explicitly, observe in Figure 5.8(a) that the subband-
by-subband based allocation is more flexible and hence it is capable of better exploiting the
channel quality differences of the users than the more rigid, but less complex group-by-
group regime. Another reason for grouping the N subbands of each user together is because
each user’s TD symbol generated after first-hop channel equalisation at the relay is related
to all the N elements in y?j’f due to the well-understood nature of the IDFT employed at
the SC-FDMA receiver. Therefore, the subband-by-subband allocation is not permitted in
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SC-FDMA systems.

Therefore, we use the average S-R channel attenuation of the N subbands of the k-th user’s
signal received by the j-th relay for quantifying the corresponding channel quality, which

may be expressed as
SR SR f
rj = Z P ml ™ (5.25)

We also assume that the BS invokes N, receiver antennas, where the sum of channel atten-
uations averaged over multiple antennas may be considered as a relevant quality metric for
the overall channel effects. The average attenuation of the m-th group of N subbands in

the channel spanning from the j-th relay to the BS is given by

mN+N—-1 N,—1

1 JRDA |

u=mN ny=

5.3.2 Relaying Frame Structure

Observe in Figure 5.9 that in our DRA aided OR system, each SC-FDMA symbol in the FD
is referred to as a resource vector (RV), where the components of the RV are the original
symbols modulating each of the subbands. Furthermore, NV, consecutive RVs in the TD
constitute a resource block (RB) in the uplink during a single time slot as the basic unit of
resource allocation. The first RV may be regarded as the reference, which is known to both
the transmitter as well as the receiver and hence may be used for channel quality estimation.
Then, both the subband allocation and the relay selection valid for the corresponding time
slot is optimised for the channel quality determined with the aid of this pilot RV. Hence
we have a total of Ny, = Ny /Ny, RBs within a frame of Ny QAM symbols. Specifically,
the number of RVs N,y per RB determines the transmission overhead required, including
the synchronisation sequences, the pilot RVs invoked for the estimation of the S-R and R-D
links as well as the duration of the CQI exchange of Fig. 5.7 for the FHQA JDRA schemes®.
Naturally, increasing the overhead provides more accurate channel estimation in support
of the CQI exchange, hence it may result in an increased energy-efficiency, albeit it may
reduce the system’s throughput. The N, RBs of each user are allocated by conventional
static localised subband mapping during the first-hop transmissions from the source MTs.
However, during the second-hop, each RB or prossibly several consecutive RBs of a specific
user may be rearranged at the appropriate relays, depending on the specific resource allo-

cation schemes employed. Moreover, in the channel coded system the signal is interleaved

8For the sake of simplicity, we assume that the transmissions of two-hop relaying and of the CQI exchange
are perfectly synchronised, hence the practical synchronisation issue is ignored. However, we evaluate the
energy consumption expended in the relatively short duration of the pilots-based CQI exchange compared
to that of the two-hop relaying.
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FIGURE 5.9: The resource allocation frame structure in the SC-FDMA uplink scheme of

Figure 5.1. The frame structure of BICM aided SC-FDMA transmission was portrayed in

Figure 2.14, where the N-element TD symbol vector is transformed by DFT into the FD
represented by a resource vector (RV) in Figure 5.9.
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FiGURE 5.10: The snapshot of subband allocation schemes for single-relay assisted SC-
FDMA.

and decoded on a frame-by-frame basis. Hence, an interleaver-length-dependent buffering
delay is introduced, when using iterative decoding at the DF relay. Additionally, the specific
number of consecutive RBs scheduled for concomitant transmission is typically determined
by the normalised Doppler frequency f,q, which is usually carried out without changing the

subband group and relay.

5.3.3 Static Subband Allocation Combined with Dynamic Relay Selection

When the relay allocates the same subbands for forwarding the k-th user’s signal as the one
that was used for receiving over the S-R link, we referred to this scenario as SSA in Figure
5.10(a), where a single-relay is involved. Specifically, each user’s RB occupies a subband
group in the FD and a time slot in the TD. Since the S-R and R-D channels typically
experience i.i.d. fading, the specific SSA used for the R-D channel will never be optimal,
regardless, whether the source MT does or does not invoke conventional localised SSA or
DSA for transmission to the relay. By assuming that the localised subband mapping regime
of Figure 5.3 is adopted for S-R transmissions, the m-th subband group may be allocated
to the k-th user’s signal, when we have m = k, which is transmitted by the specific relay
having the index of j,, in the context of OR. We refer to this scenario as SSA for OR in

Figure 5.11, where both the associated topology and resource allocation are characterised.
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(a) Snapshot of topology in Figure 5.1 derived from Figure 5.6(a).

first-hop ¢ second-hop ¢f>
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j=3 k=0\Vk=1 k=0Vk=1
. FD % FD
j=4
FD FD

(b) Snapshot of resource block allocation

FIGURE 5.11: Tllustration of static subband allocation combined with dynamic relay selection
(DRS-SSA) for K =3, M = 4 and J = 5, which may be contrasted to the single-relay aided
scheme of Figure 5.10(a).

5.3.3.1 DRS-SSA Algorithm

Second-Hop DRS: Apart from RRS, the DRS philosophy of Figure 5.11(a) may be in-
voked, which provides the maximum R-D gain of gﬁg amongst all the m-th subband groups

of the other relays, i.e. we have

i RD
Jm = arg max{gjm

icd (5.27)
s.t.im=kmeMkeX.

Additionally, the initial set of desired relays is empty, i.e. we have § = @. Then, at the
m-th subband group, for m € M, m =0,1,--- , M — 1, we update the set J by incorporating
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the relay having the index j,,, which is formulated as:
J=30U {n}. (5.28)

We note that the RB allocation scheme of the different users may be deemed to be fair even
without any particular ordering, since each user will be assigned to orthogonal subband
groups at their best relay and this assignment is carried out independently of the other

users’ assignments.

5.3.3.2 An Example of DRS-SSA

Additionally, Table 5.4 illustrates an example of the SSA regime of Figure 5.11(b) combined
with the DRS scheme. The same parameters are adopted also in Tables 5.6 - 5.10 for all the
DRA schemes of Figures 5.12(b) - 5.15(b). The RBs having numbers printed in boldface
denote the highest R-D gain gﬁg in each column for a specific subband group index m,
where we have the corresponding relay of index j in the rows. The assigned RBs of each
user is marked by underlining them. Moreover, the specific assignment of the relay j and
subband group m to each user k is given by (j, ), where the subband groups assigned for

the second-hop remain the same as during the first-hop.

To elaborate on Table 5.4 a little further, let us consider the S-R and R-D channel gains of
all the K = 3 users, M = 4 subband groups and J = 5 relays. In the S-R link user £k = 0
has the highest gain of ggﬁ} = 1.42 via relay j = 4, user k = 1 has gi% = 3.07 relying on
relay j = 2, while user k = 2 has gg% = 2.26 with the assistance of relay j = 0. As for 95127
we arrive at (j,m) = (3,0), (3,1) and (0,2) associated with g}?ﬁ of 1.75, 2.50 and 1.90, as
seen in Table 5.4. Nevertheless, a limitation of the DRS-SSA regime of Figure 5.11(b) is
revealed for the scenario of K < M. For instance, we have gfj?]? =4.41, which is the highest
R-D gain in the column of the subband group of m = 3, but since we only have K = 3 users,
owing to the rigidity of the SSA of Figure 5.11(b) only the subband groups of m = 0, 1 and
2 may be used. In order to circumvent the SSA’s rigidity, the combination of the DSA of

Figure 5.12(b) with the DRS scheme is motivated and will be invoked in Section 5.3.4.

5.3.4 Conventional Dynamic Subband Allocation Combined with Dynamic

Relay Selection

The original DSA concept invoked for a single-relay system is demonstrated in Figure
5.10(b), where a diversity gain may be attained in the FD. In parallel, in the OR assisted
system of Figure 5.12(a), the conventional combination of DSA and DRS allows the multiple

users’ received signals to be adaptively transmitted in the most appropriate subband groups
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TABLE 5.4: An example of static subband allocation combined with the dynamic relay
selection (DRS-SSA) for K = 3, M = 4 and J = 5. Specifically, the RBs indicated by
the numbers printed in boldface denote the highest R-D gain giﬁ in each column for a
specific subband group index m, where we have the corresponding relay index j in the
rows. The assigned RBs of each user are marked by underlining them. Moreover, the
specific assignment of relay j and subband group m to each user k is given by (j,m), where
the subband groups assigned for the second-hop remain the same as during the first-hop.

First-hop gf}} Second-hop gf}a

k=0 k=1 k=2 |m=0 m=1 m=2 m=3
ji=0 0.05 0.53 2.26 0.04 0.33 1.90 0.56
ji=1 0.16 0.20 0.57 0.70 1.91 0.84 4.41
ji=2 0.90 3.07 0.70 0.45 0.26 0.28 0.90
ji=3 0.18 0.09 0.21 1.75 2.50 0.02 0.09
j=4 1.42 1.44 0.81 0.29 1.36 0.17 0.05
Target G,7) | 3,00 __G,1)__(0,2)

at dynamically selected relays, by taking into account the (M x J) possible subband groups
of the J relays. Figure 5.12(b) and Table 5.6 demonstrate the differences between the DSA
and SSA combined with the DRS scheme in the context of OR, which may be contrasted to
Figure 5.11(b) and Table 5.4, respectively.

5.3.4.1 DRS-DSA Algorithm

Let us now describe the DRS-DSA algorithm in more detail.

Second-Hop DRS: Firstly, we carry out the DRS procedure discussed in Section 5.3.3.
Furthermore, we also update the set G®P by incorporating the R-D channel gain of ijEL for
almeM, m=0,1,--- M — 1.

Second-Hop DSA: Furthermore, we then initialise the ordered set of desired subband
groups M to be empty. The i-th desired subband group m; in the set M having the highest
R-D channel gain can be obtained by maximising the R-D channel gain g;ﬁ among all the
M groups from the relays in set J. Additionally, the corresponding channel gain g%?u should
be removed from GRP for finding the next, i.e. the (i + 1)-st user to be given resources.
Therefore, we obtain the i-th user’s assignment of subband group m; and relay jml, as

discussed in more detail below.

User Assignment: We note that the i-th user to be granted resource for his/her transmis-
sions from the subband groups associated with the current (M —i+ 1)-element R-D channel
gain set GRP benefits from a total selection diversity order of J x (M — i + 1), which may
be gleaned from both the frequency domain (subband groups) and from the spatial domain
(relays). In order to guarantee for all users to be fairly treated and supported, the subband

groups associated with the set GRP are randomly assigned to each user within each time
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(a) Snapshot of topology, which may be contrasted to Figure 5.11(a).
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(b) Snapshot of resource block allocation

FIGURE 5.12: The illustration of dynamic subband allocation combined with the dynamic
relay selection (DRS-DSA) for K = 3, M = 4 and J = 5, which may be contrasted to the
corresponding static subband allocation (DRS-SSA) of Figure 5.11. Their main difference is
that the DRS-DSA scheme assigns K users to the K best RBs associated with the highest
R-D channel gains over the M subband groups among the J relays. By contrast, the second
hop RB of (j,m) = (1,3) may not be allocated when using the DRS-SSA scheme of Figure
5.11(b). Additionally, this difference is also similar to that between DSA and SSA schemes
in the single-relay scenario in Figure 5.10.

slot. Specifically, we store the indices of the users waiting for resource assignment in the
set K. Hence, the index associated with those users waiting for resource assignment k € X,

(k=0,1,--- ,K — 1) is given by
i =randi(0, K —1). (5.29)

As a result, the signal of user k; is assigned to the m;-th subband group at the j’,hi—th relay,
where we have ]le € J when m = ;. Additionally, we remove the most recently assigned
user k; from the set X and return to Eq. (5.29) in order to allocate the subband group

Thi41) associated with gD : to the (i + 1)-st user, i.e. we have X =X\ {k;}.

Iy (41



RESOURCE ALLOCATION FOR OPPORTUNISTICALLY RELAYED SC-FDMA 133

TABLE 5.5: Conventional dynamic subband allocation combined with the dynamic relay
selection (DRS-DSA) algorithm

1. Initialisation: Set § = I, M=0.

2. 2nd-Hop DRS: At the m-th subband group, Ym € M:

(a) Obtain jm = arg max;cs {0 };

(b) Update = J U {jm } and GFP = GRP y {gf‘a}

3. 2nd-Hop DSA: Fori=0,1,--- M —1:

(a) Obtain m; = arg maxmem{gﬁa};

(b) Update M = M U {rni}, §*° = §"P\ {gFD }, Vjm €.
4. Fair User Assignment: | Fori =0,1,--- | K — 1:

Assign the user k; with the resource pair (1, jml) randomly.

TABLE 5.6: An example of dynamic subband allocation combined with the dynamic relay
selection (DRS-DSA) for K = 3, M = 4 and J = 5, which may be readily contrasted to the
corresponding static subband allocation of Table 5.4. Briefly, the difference between them is
that upon invoking the DRS-DSA scheme the assigned RBs associated with the underlined
R-D channel gain gﬁg of Table 5.6 are chosen from the K highest gﬁg values printed in
boldface over the M subband groups among J relays. For instance, the second-hop RB of
(4,m) = (1,3) having the highest gain of gﬁg = 4.41 in Table 5.6, may be chosen instead
of the RBs of (j,m) = (3,0) having a gain of gt} = 1.75, when invoking the DRS-SSA
scheme characterised in Table 5.4.

First-hop g,?’PJ‘- Second-hop gffr]?l

k=0 k=1 k=2 m=0 m=1 m =2 m=23
j=0 0.05 053 226 0.04 0.33 19007 0.56
j=1 016 020 057 0.70 1.91 0.84 44109
j=2 090 3.07 0.70 0.45 0.26 0.28 0.90
j=3 0.18 0.09 021 | .75 250(2nD 0.02 0.09
j=4 142 144 081 0.29 1.36 0.17 0.05
Target (5,m) || (1,3) (3,1) (0,2)

Ultimately, this DRS-DSA algorithm is summarised in Table 5.5.

5.3.4.2 An Example of DRS-DSA

To elaborate on Table 5.6 a little further, let us consider the S-R and R-D channel gains
of all the K = 3 users, M = 4 subband groups and J = 5 relays. In the S-R link user
k = 0 has the highest gain of g&l} = 1.42 with the aid of relay 7 = 4, user £k = 1 has
95 =
observing the R-D channel gains gﬁg in Table 5.6, we can see that the RBs with the highest

3.07 via relay j = 2, while user k£ = 2 has g%% = 2.26, when invoking relay 57 = 0. By

gﬁ”ﬁ values are in boldface in each column for a specific subband group index m. They are
further sorted by the superscripts of (1st), (2nd), etc. Hence, the RBs having the first K
assignments of relay j and subband group m, such as (1, 3), (3,1) and (0, 2) associated with
gﬁ% of 4.41(159) 2.50(2nd) and 1.90%", respectively, may be allocated to the users in the set
X, which are marked by underlining in Table 5.6. Compared to the DRS-SSA scheme of
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Select the relays having the highgst
R-D channel gains at each subbpnd R-D DRS
groups as RBs

l

Order the selected RBs having the Select the relays having the highest S-R DRS
highest channel gains at all subbpnd R-D DSA S-R channel gains of each user
groups of the selected relays 1
Order the users having the highept .
i S-R channel gains via their best First=hop
First-hop | g awareness
awareness. 2 relay
Yes 1
Order the users having the highept Assign thd b Order the RBs having the highes
S-R channel gains at all subban RBs to users channel gains at all subband groyips R-D DSA
groups at each relay randomly of each selected relay
1 DSA-DRS 1
Assign the best RBs at the Assign the selected RBs at the
corresponding relays to fhe Joint DRA-1 corresponding relays to the ordefed Joint DRA-2
ordered users users r
(a) JDRA-1 (b) JDRA-2

FIGURE 5.13: Flow charts of the first-hop-quality-aware (FHQA) joint dynamic resource

allocation (DRA) schemes. Observe the differences of procedures in Figure 5.13(a) with

respect to the DSA-DRS of Section 5.3.4 and JDRA-1 scheme in Section 5.3.5 are ex-

ploited. Meanwhile, the main differences between two kinds of JDRA approaches are also
characterised by contrasting Figure 5.13(b) to Figure 5.13(a).

Table 5.4, the RB having gg"(l)) = 1.75(*") is abandoned by the DRS-DSA approach of Table
5.6. Consequently, we arrive at the solution illustrated in Figure 5.12(b) for a specific time

slot.

5.3.5 FHQA Joint Dynamic Resource Allocation Approach-1

The first JDRA-1 approach optimises the conventional DRA scheme of Figure 5.12 by allo-
cating the RBs having the highest channel gain for the R-D links to the appropriate users,
which are stored in an ordered user set at each relay in terms of their first-hop CQI. We
assume that each relay stores and labels a sorted CQI set of the S-R links, while receiving
from K users. The resultant J appropriately ordered CQI sets of the S-R links and the CQI
sets of the R-D links are then exchanged among the J relays via the relays’ cluster-head, as

shown in Fig. 5.7.

A flow chart of the proposed JDRA-1 algorithm is presented in Figure 5.13(a), where the pro-
cessing blocks inherited from the conventional methods are highlighted using bold acronyms.
Furthermore, compared to the conventional combination of DSA and DRS as portrayed in
Figure 5.12, the differences in both the snapshots of topology and RB allocation using

JDRA-1 are illustrated in Figure 5.14 in the same channel quality scenario as used in Fig-
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(a) Snapshot of Topology, which may be contrasted to Figures 5.12(a) and

5.11(a).
first-hop ¢ second-hop ¢i>
m=0m=1m=2m=3 m=0m=1m=2m=3
4 /(
,7TD L7 1D
4 ¢ FD v ¢ FD
,7TD ,7 1D )
. FD - FD
Jj=2
FD v FD
L7 TD L7 TD
j=3 k= k=0
4 FD 4 FD
Jj=4
FD FD

(b) Snapshot of Resource Block Allocation

FIGURE 5.14: The illustration of first-hop-quality-aware (FHQA) joint dynamic resource

allocation: approach 1 (JDRA-1) for K =3, M = 4 and J = 5, which may be contrasted

to the separate static and dynamic resource allocation schemes (DRS-SSA and DRS-DSA)

of Figures 5.11 and 5.12. Their main difference is that the JDRA-1 scheme optimises the

conventional DRA scheme of Figure 5.12 by allocating the RBs having the highest channel

gains for the R-D links to the appropriate users, which are stored in an ordered user set at
each relay in terms of their first-hop CQI.

ures 5.11 and 5.12. For example, Table 5.8 characterises the allocation strategy based on

the conventional DSA combined with the DRS procedure of Table 5.6.

5.3.5.1 FHQA JDRA-1 Algorithm
To elaborate on the FHQA JDRA-1 scheme a little further, we describe the associated
procedures step by step as follows:

Second-Hop DRS and DSA: Initially, we adopt the second-hop DSA combined with
DRS, as detailed in Sections 5.3.3 and 5.3.4.
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TABLE 5.7: First-hop-quality-aware (FHQA) joint dynamic resource allocation: approach-1
(JDRA-1) algorithm

1. 2nd-Hop DRS-DSA: | Detailed in Section 5.3.4.
2. FHQA Ordering: At the j-th relay, VJ cJ:
(a) Set §5F = o, K; = @;
(b) Collect §5% = {90379137”' g
(c )Forzf0,1,~~ K —1:

(i) Obtain the i-th ordered user index in the set K;:

iy = arg maxcesc{g% };

(i) Update K; = K; U {ki,;}, G5F = G5 U{gp".}, and §5% = 67\ {g;" }.
3. User Assignment: Set KX = &;
For the «-th user to be given resources, (+ =0,1,--- , K — 1),

vj;i’jﬁh_ S g{jﬁm’ Vjﬁ“ S j:
(a) Let i =0;
(b) If k5, ¢X: ]
(i) Collect the user k; ; _ to the s-th element of K, K =KU{k, iy +
(ii) Update iK = iK \ {k, - i }
(iii) Assign the user k‘ with the resource pair (1., Jum, ).
Else if kwm, € UQ we apply i:=1+ 1, return to step 3-(a);

First-Hop Consideration: At the j-th relay, we obtain the S-R channel gains g,%? of the
k-th user, which we would like to optimise. The gains of all users are contained in the set
9§R. Meanwhile, the ordered set é?R of the S-R channel qualities recorded for the links
spanning from the K users to the j-th relay and the ordered user set X; regarding the j-th
relay are initialised to be empty. Furthermore, by maximising g,i’? for the j-th relay among
all users, we obtain the i-th ordered user index (i = 0,1,--- , K — 1) as the i-th element in
the set 3{ at the j-th relay. The corresponding channel gain g _is then fed into the S-R
channel quality based ordered set SSR with respect to the j-th relay, and it is also removed

from the set 9§R for the next allocation.

User Assignment: After clearing the ordered set 9( the index of the s-th user about
to be given resources is denoted by i%:ijm if kl i ¢ K. In other words, the user k@ i
may be assigned to the +-th element of K. Meanwhile, for the sake of avoiding the repeated
allocation of the subband group and that of a specific relay to the users to be given resources,
the assigned user should be removed from the S-R link’s ordered user set JOCj-ﬁ” regarding the
Jrn,-th relay. Otherwise, in case of kiJm € X, we apply i := i + 1 for the sake of providing

the next user with communication resources in the ordered set 9(35 .
ma

Consequently, the associated algorithm may be summarised in Table 5.7.
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TABLE 5.8: An example of first-hop-quality-aware (FHQA) joint dynamic resource allo-
cation: approach 1 (JDRA-1) for K = 3, M = 4 and J = 5, which may be contrasted
to the separate static and dynamic resource allocation schemes (DRS-SSA and DRS-DSA)
of Tables 5.4 and 5.6. Explicitly, their main difference is that the user assignment of the
JDRA-1 scheme is dependent on the first-hop quality, namely on the g%%—based ordered
user set at the specific relays, which were allocated the second-hop RBs associated with the
K highest gains gﬁa. For instance, the second-hop RB associated with gﬁg = 4.41 at the
subband group m = 3 and the relay j = 1 is assigned to user k = 2, since the first-hop RB
of user k = 2 has the highest hirst-hop gain of ggff = (.57 amongst the users at relay j = 1.

First-hop g,?’PJ‘- Second-hop gJR,’BL

k=0 k=1 k=2 m=0 m=1 m=2 m=3
j=0 0.05C79 .53 99610 0.04 0.33 1.90C"D 0.56
j=1 0.16%74 .20 0.57(150) 0.70 1.91 0.84 4.4109
j=2 0.90 3.07 0.70 0.45 0.26 0.28 0.90
j=3 0.182"M .09 021050 | 1,750t 950020 0.02 0.09
j=4 1.42 1.44 0.81 0.29 1.36 0.17 0.05
Target (3,m) (3,1) (0,2) (1,3)

5.3.5.2 An Example of FHQA JDRA-1

To elaborate on Table 5.8 a little further, which should be contrasted to Table 5.6, let us
consider the S-R and R-D channel gains of all the K = 3 users, M = 4 subband groups and
J = b relays. In the S-R links user £ = 0 benefits from the highest gain of g&l} = 1.42 via
relay j = 4, user k = 1 attains the gain of gf’}% = 3.07 using relay 7 = 2, while user k£ = 2 has
gS}% = 2.26 using relay j = 0. Specifically, the sorted CQI set of each S-R channel may be
obtained by ordering the g,f’? values in each row of Table 5.8 marked with (1st), (2nd) and
(3rd). After choosing the RBs having the best K combination of relays in the rows and the
best subband groups in the columns of Table 5.8 for transmission over the R-D channels, the
user waiting for resource assignment is determined by the corresponding relay, where the
specific ordering of g,f? is considered. As a result, compared to the random user assignment
of the DRS-DSA scheme characterised in Table 5.6, we arrive at the second-hop RBs having
indices of (j,m) = (1,3). More explicitly, these RBs are associated with a first-hop quality
g;ﬁ{ = 0.57 for user k = 2 and with the second-hop RB of (j,m) = (3,1) associated with
the first-hop quality of gg’g = 0.18 for user k£ = 0 and finally with the second-hop RB of
(j,m) = (0,2) associated with the first-hop quality of gi% = 0.53 for user k = 1.

5.3.6 FHQA Joint Dynamic Resource Allocation Approach-2

The best first-hop channel quality may be determined form either the user’s or the relay’s
perspective. This distinction leads to the definition of our JDRA-2 scheme. More specifically,
rather than finding the best link of a specific user to a relay in JDRA-2, we find the specific

user, which can be supported by a particular relay with the best possible channel quality.



138 RESOURCE ALLOCATION FOR OPPORTUNISTICALLY RELAYED SC-FDMA

(a) Snapshot of topology

first-hop g% second-hop g7
m=0m=1m=2m=3 m=0m=1m=2m=3
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j:2 k:1 // kzl
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j=4 k=0 k=0
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(b) Snapshot of resource block allocation

FIGURE 5.15: The illustration of first-hop-quality-aware (FHQA) joint dynamic resource
allocation: approach-2 (JDRA-2) for K = 3, M = 4 and J = 5, which may be contrasted
to JDRA-1 of Figure 5.14. Briefly, their main difference is that rather than finding the
best link of a specific user to a relay, in JDRA-2 we find the specific user, which can be
supported by a particular relay at the best possible S-R channel quality of g%?. The relay
selection and the user assignment of JDRA-2 are based on the first-hop quality while that
of JDRA-1 are depended on the second-hop quality. By contrast, both two JDRA schemes
allocate the subband groups in terms of the second-hop channel gains. The more explicit
contrast is made in Figure 5.13.

The relay selection and user assignment regimes of JDRA-2 are based on the first-hop
quality, while those of JDRA-1 are dependent on the second-hop quality. By contrast, both
Joint DRA schemes allocate the subband groups based on the second-hop channel gains. We
assume that each cooperative relay forwards its S-R CQI recorded for each of the K users
to the cooperative relays’ cluster-head of Figure 5.7. This head cluster relay is capable of
determining, which are the K best S-R links from the entire set of (K.J) CQIs and it feeds
back this information to the (J — 1) relays.

The flow chart of the proposed JDRA-2 algorithm is presented in Figure 5.13(b), where the
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differences with respect to the previously introduced methods, such as the JDRA-1 method
of Section 5.3.6, are made explicit. The differences between JDRA-1 and JDRA-2 may
be further contrasted by comparing Figures 5.14 and 5.15 as well as Tables 5.8 and 5.10.
Specifically, Table 5.10 provides an example of using the JDRA-2 approach, while relying on
the same channel qualities as in Table 5.8. Again, the resultant snapshots of the topology

as well as RB allocation are portrayed in Figure 5.15.

5.3.6.1 FHQA JDRA-2 Algorithm

Let us now elaborate on this scheme in more detail below.

First-Hop DRS: At the beginning, the best relay set J of the K users in set K and the
first-hop channel gain set G® are initialised to be empty, i.e. we have § = @ and §5} = @.
By maximising the S-R channel gain gEFJ{. over all relays in the set J for the k-th user, the

best relays and the corresponding channel gains can be stored in the sets J and G5,

First-Hop Consideration: Furthermore, we have the ordered user set K based on the
first-hop channel gains in the set G5 at the best relays in J. Again, we initialise both the set
% and the set GSR to be empty. Then, we obtain the i-th element in .‘JOC, (t=0,1,--- ,K—1),
by seeking the maximum S-R channel gain gi? among the channels spanning between all
the K users and the specific relays in the set J. Additionally, the maximum gain gi? found
during each iteration may be held in the ordered set éSR, while the element gz’lR in the set
GSR is removed for the next iteration.

Second-Hop DSA: After initialisation of the ordered set of allocated subband groups M
to be empty, the i-th element m; in the set M may be found by maximising the R-D channel

gain ¢g™2 in the set G®P at the j; -th relay. We also update the contents of the sets M and
mjp, Ji. ki

RD '
9]k :
User Assignment: Finally, we allocate the m;-th subband group at relay jk to the l?:i—th

user’s signal for transmission from this relay to the BS.

Therefore, the associated algorithm is summarised in Table 5.9.

5.3.6.2 An Example of FHQA JDRA-2

To elaborate on Table 5.10 a little further, let us consider again the S-R and R-D channel
gains of all the K = 3 users, M = 4 subband groups and J = 5 relays. In the S-R link
the highest gain of gg’}} = 1.42 for user k = 0, was found via relay j = 4, user k = 1 has

gi% = 3.07 when relying on relay j = 2, while user £ = 2 has gg% = 2.26 with the aid of
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TABLE 5.9: First-hop-quality-aware (FHQA) joint dynamic resource allocation: approach-2
(JDRA-2) algorithm

1. Initialisation: Set =0, K=02,5"=0, % =g and M = g;
2. 1st-hop DRS: For the k- th user, Vk € K:
(a) Obtain ju = arg max;e {95,
(b) Update J = 3 U {jx} and G°F
3. FHQA Ordering: | For i =0, 17 K —1, V5, €7
(a) Obtain k; = arg maxkex{gk ]}
(b) Update X = K U {ki}, §°" = §%* U {g{".}, §°" = §°"\ {g".}.
4. 2nd-hop DSA: Fori=0,1,--- K —1, V]k, € g:
(a) Collect §7° = {gg;, ,gif? SRR VIERNS ¢
(b) Obtain mZ = arg maxmeM mgM{ng }
RD RD RD

(c) Update M = M U {rh;}, 95, = 95, \{gmlj 2
5. User Assignment: | For i =0,1,--- | K — 1:
Allocate the resource pair (1, j; ) to the user k;.

SSRU{g

TABLE 5.10: An example of first-hop-quality-aware (FHQA) joint dynamic resource allo-
cation: approach-2 (JDRA-2) for K = 3, M = 4 and J = 5, which may be contrasted
to JDRA-1 of Table 5.8. Explicitly, the highest S-R channel gain g of each user in the
columns of Table 5.10 are marked by underlining. Thus, by ordering the underlined values
of g] k, JDRA-2 assigns the appropriately ordered users k = 1, k = 2 and k = 0 to the
above-mentioned relays of j = 2, j = 0 and j = 4, respectlvely. However, the first-hop
quality gf? of JDRA-1 determines the order of users separately at each relay in the rows
of Table 5.8. By contrast, the ordering of users in JDRA-2 allocates the RB having the
highest R-D channel gain gj RD 44 the specific user at the corresponding relay. These RBs
are distinguished by underlining in all subband groups observe that some RBs havmg the
highest R-D gains in fact may not be considered, such as g} 3 = 4.41 and 93 b = 250,
because the DRS carried in JDRA-2 is based on the first- hop CQI.

First-hop g,%}} Second-hop gfjr]?l

k=0 k=1 k=2 m =20 m=1 m =2 m =3
j=0 0.05 0.53 2.267"D [ 0.04"™ 033D 1.9009 .56
j=1 0.16 0.20 0.57 0.70 1.91 0.84 4.41
j=2 0.90 3.07(*st) 0.70 | 0.452md  0.264")  .28G7) 0,905V
j=3 0.18 0.09 0.21 1.75 2.50 0.02 0.09
j=4 14207 1.44 0.81 | 0.29@) 1,361 .17CG"D)  ,05(4tW
Target (7,mM) (4,1) (2,3) (0,2)

relay 5 = 0. The highest S-R channel gain 9]%5’ of each user in the columns of Table 5.10
is marked by underlining. Thus, using ordering based on the underlined values of gjs};‘, the
JDRA-2 algorithm assigns the appropriately ordered users k = 1, k = 2 and k = 0 to the
above-mentioned relays of j = 2, j = 0 and j = 4, respectively. However, the first-hop
quality g,i’? of JDRA-1 determines the order of the users separately at each relay in the
rows of Table 5.8. By contrast, the ordering of users in JDRA-2 allocates the RB having
the highest R-D channel gain to the specific user at the corresponding relay. These RBs
are distinguished by underlining in all subband groups. Observe that some RBs having
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the highest R-D gains in fact may not be considered, such as for example gﬁ? =4.41 and
g?lff]l) = 2.50 of Table 5.10, because the DRS carried in JDRA-2 is based on the first-hop
CQI. For instance, in Table 5.10 we have gi% = 3.0705Y) at relay j = 2, hence the RB of
(j,m) = (2,1) having 95}5 = 0.90 may be allocated to user k = 1. Then we obtain the RBs
having the gains of ggfg = 1.900%) and g}fj(]]) = 1.36(13Y) which are available at the rest of
the relays, namely at j = 0 and j = 4. Finally, we allocate these RBs to users k = 2 and
k = 0, respectively.

5.3.7 Comparison of Resource Allocation for Opportunistic Relaying

Having described the principles of the above-mentioned OR~aided resource allocation schemes,

let us now embank on a comparative discussion.

Firstly, Table 5.11 summarises the information to be exchanged among the relays relying on
the MWR principle of Figure 5.7. It is clear that the differences are related to the amount
of the knowledge required concerning the S-R links. Specifically, the JDRA-1 scheme only
requires each relay’s ordered set of K users, as determined by their S-R channel gains. The
JDRA-1 aided relays’ cluster-head determines the ordering of user assignment depending
on the R-D channel quality. By contrast, the JDRA-2 mode considers the pilot-based CQI
of all S-R links gleaned from each relay, in order to find the optimal relay for each user
with respect to the associated first-hop quality. In other words, the ordering of users is also

determined by the JDRA-2 assisted relays’ cluster-head based on their S-R channel quality.

Secondly, the benefits of exploiting the best RBs indicated by boldfaced values and the
actually allocated RBs marked by the underlined values of g,f? and gﬁ‘g in both Table 5.8
and Table 5.10 will be investigated. We found that the JDRA-1 scheme allocates most
subband groups to the R-D channels associated with the values printed in boldface, while

the JDRA-2 approach assigns the highest-quality S-R. channels.

As described in Section 5.3.5 and 5.3.6, both FHQA JDRA schemes have three main func-
tions, namely the relay selection, subband allocation and user assignment. Explicitly, for
both JDRA schemes, the subband allocation is based on the second-hop quality, while the
user assignment depends on the first-hop quality. The relay selection of JDRA-1 is based
on the second-hop quality, while that of JDRA-2 relies on the first-hop quality. Therefore,
the JDRA-1 method predominantly relies on the second-hop quality, while JDRA-2 on the
first-hop quality. As a result, the attainable performance of both JDRA-1 and JDRA-2 is

limited by the quality of its dominant channels.

Additionally, the computational complexity of a single-user system, of a lightly loaded sys-
tem associated with K < M, and finally, of a fully loaded system having K = M and
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TABLE 5.11: Information Exchange Amongst Joint DRA aided Cooperative Relays

Mode || Strategy | Exchanged Information

JDRA-1 MWR | X or G5, and gJ'h, (m € M)
JDRA-2 MWR g,%r}, (k € X) and gﬁg, (m e M)

TABLE 5.12: Complexity comparison of single-user systems (K = 1)

Mode || Proposed Solution | Exhaustive Search
RRS-SSA o{0} o{0}
DRS-SSA o{J -1} o{J}
DRS-DSA || < O{M(J —1)+ Mlog M} O{MJ!'+ M}
JDRA-1 <O{M(J—-1)+MlogM} | O{J+MJ'+ M}
JDRA-2 <O{J -1+ JMlog M} Oo{J'+1+JM}

TABLE 5.13: Complexity comparison of lightly-loaded multi-user systems (K < M)

Mode || Proposed Solution | Exhaustive Search
RRS-SSA 0{0} 0{0}
DRS-SSA O{K(J-1)} O{K J!}
DRS-DSA <O{M(J —1)+ Mlog M} O{MJ'+P¥}

JDRA-1 || <O{JKlogK + M(J —1) + Mlog M} | O{JK!+ MJ!+ P¥}
JDRA-2 <O{K(J—1)+KlogK + JMlog M} | O{KJ! + K! + JPY

TABLE 5.14: Complexity comparison of full-Load multi-user systems (K = M)

Mode || Proposed Solution | Exhaustive Search
RRS-SSA o{0} 0{0}
DRS-SSA O{M(J-1)} Oo{MJ'}
DRS-DSA O{M(J—1)+ Mlog M} O{MJ!+ M}
JDRA-1,2 || O{M(J-1)+(J+1)MlogM} | O{MJ!'+ (J+1)M!}

employing various OR-aided resource allocation schemes is presented in Tables 5.13, 5.12
and 5.14, respectively. Specifically, the complexity of our proposed JDRA schemes is linearly
increased upon increasing J. By contrast, for a given J, we infer from Tables 5.12, 5.13 and

5.14 that the order of complexity O versus M relationship is linear.

5.4 Simulation Results and Discussions

In this section, the performance achieved by the various resource allocation schemes rely-
ing on both AF and DF aided OR is characterised in the context of both uncoded and
channel-coded SC-FDMA systems upon varying the fading channel conditions. The basic

assumptions of our channel model are summarised in Table 5.15, where diverse multi-path
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TABLE 5.15: Channel Model of Opportunistic Relaying

S-D fading No S-D link
S-R, R-D fading Frequency-selective Rayleigh
Power delay spread Uniform
Shadowing Not considered (o7 = 0 dB)
Path-loss Gsgr = Grp = 0.5 12

TABLE 5.16: Modulation and Coding Parameters

|| Uncoded system Coded system

Modulation 4-QAM 4-QAM
Labelling Gray Set-partitioning (SP)
FEC coding Non | RSC (2,1,3), R. =1/2

fading channels are considered along with various system configurations. We analyse the
attainable performance in terms of the bit error rate (BER) of the modulation and cod-
ing schemes summarised in Table 5.16. When the system operated at a given BER and
information rate, the energy-efficiency may be quantified in terms of the associated energy
consumption metrics [1,199] of Section 5.4.1 by comparing the total transmit energy per

bit, i.e. Ep/Ny, required by the reference system to that of the system under test.

5.4.1 Energy Efficiency Evaluation

Let us now evaluate the energy efficiency of both the DT and of the proposed OR schemes
at the physical layer, when considering the energy consumption due to CQI exchange among
relays®. Let rlg),rg) denote the coding and modulation rate of the (-)-type transmissions,

i.e. that of DT or OR, for the SU and MU scenarios, respectively.

Since we have a block duration of T}, for each RV as seen in Figure 5.9, 15 pilot RV overhead
per RB duration of N7}, may be used for channel estimation for each first-hop and second-

hop transmissions. Hence, we have an overhead-to-data ratio expressed as

2Ty 1
= . 5.30
(2N, —2)Ty, Ny — 1 ( )

9When evaluating the achievable energy-efficiency, the half-rate difference imposed by two-hop relaying
was indeed taken into account in terms of the Eq. (5.33). Therefore, we arrived at a fair comparison between
the OR and DT scenarios in terms of the ECG formulated in Eq. (5.34).
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Furthermore, the energy consumption per bit of the DT scheme may be expressed as

o — Yico BT
= jre
k::01 T]]C)T(T - NrbTV) (531)
POTN,,

= o (J/bit),
rgT(er -1)
where T = N, N1, denotes the time duration per hop within a frame, including the

channel estimation overheads.

By contrast, in addition to the channel estimation overhead, our proposed two-hop FHQA
JDRA based OR scheme requires a further 275, RVs for exchanging the CQI per RB. Hence,

we have a total overhead-to-data ratio expressed as

AT, 2 (5.32)
(2N — 4T, Ny —2° '

Moreover, the corresponding energy consumption per bit of the two-hop OR scheme includ-

ing the above-mentioned total overheads may be expressed as

o (PP + PRT + 55 PRENWTY)
o 2rQR(T — Ny T

~ POR(N,, +1)

7agT(NrV -1)

EOR =
(5.33)
(J/bit),

where we have PP = PR = 0.5P5 /K, and 9% = rPT/2 = R.Q/2.

We define the power reduction ’ybA per bit as the SNR reduction per bit, i.e. we have
WbA = DT —%?R dB, where 7(') denotes the Ej/Ny of the (-)-type scheme at a given BER'.
Moreover, by using the DT as a reference as defined in [1], the relative ECG of our proposed
OR may be expressed as

POTN,, 107 /10N,

EDT
ECG = = = : 5.34
eor  POR(Ny +1) Npy +1 (5:34)

5.4.2 Performance of DRA aided AF Opportunistic Relaying over Uncor-
related Fading Channels

In this section, we consider the various resource allocation schemes of Section 5.3 that
are applied by the AF OR based uncoded SC-FDMA uplink, while using the simulation
parameters of Table 5.17.

0B, denotes the total energy per bit transmitted by the source and the relay per user-signal, which is
normalised to unity, while Ny is the noise power spectral density at the receiver, which is assumed to be the
same for all the relays and the BS receivers. Hence, Ey, /Ny represents the average SNR per bit.
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TABLE 5.17: Resource Allocation for OR

Channel model Uncorrelated
Relaying protocol AF or DF
Relay selection Static or dynamic
Subband mapping Localised
Subband allocation Static or dynamic
Number of subbands per user N =12
Bandwidth expansion factor M=6
Total number of subbands U="172
Number of source users K=6
Number of relay candidates J=6
Number of paths L=4
Number of RV per RB Nev =1
Transmit power PE=PF =05
Number of BS receiver antennas N, =1,8
, SC-FDMA AF OR (N=12, M=K=J=6, L=4) , SC-FDMA AF OR (N=12, M=K=J=6, L=4)
1 | Non-FEC, 4.QAM (Gray), MMSE FD-LE | ‘ Rayleigh: 1 | Non-FEC, 4QAM (Gray), MMSE-SIC FD-DFE | Rayleigh:
5 = [ DT, N=1 5 = [ DT, N=1
AWGN DT = DT, N=8 § AWGN DT = DT, N=8
OR, N=1 < OR, N=1
— OR,N,=8 — OR,N,=8
2 '
10% | + DRSSSA 4 10* | * RRS-SSA \ X
5| X DRSDSA \ 5| X DRSDSA X 3 N
A JDRA-1 \ = A JDRA-1 \ 3 BN
2| o DRA-2 \ 3 ¥ 2| © DRA-2 N ) N Ty
10° 10° —
-10 -5 0 5 10 15 20 25 -10 -5 0 5 10 15 20 25
Ey/N, (dB) Ey/N, (dB)
(a) Classic MMSE FD-LE (b) MMSE-SIC FD-DFE

FIGURE 5.16: BER versus Ep/Ny performance of the AF OR based uncoded SC-FDMA

uplink for Ny = 1 and 8 upon varying the resource allocation schemes compared to its DT

benchmark, where the BS’s receiver invokes (a) the classic MMSE FD-LE of Figure 2.12

or (b) the MMSE-SIC FD-DFE of Figure 5.5. The channel and system parameters are
summarised in Tables 5.15, 5.16 and 5.17.

Figure 5.16 depicts the performance of the SC-FDMA uplink using the receiver of Figure 5.5
[86,87] in the context of the uncoded AF OR system of Figure 5.1 upon varying the resource
allocation schemes compared to its DT benchmark, for N, = 1 and 8 at the BS''. When a
low-complexity single-stage MMSE receiver is invoked, the FD-DFE receiver degenerates to
the classic single-tap MMSE FD-LE of Figure 2.12 and its performance is characterised in
Figure 5.16(a), while the performance of the MMSE-SIC FD-DFE scheme is characterised

1 According to [23], when coherent combining is invoked at the receiver, the multiple receive antennas
spaced sufficiently far apart may actually provide both a power gain and a diversity gain. Specifically, the
effective power gain of the received signal is increased linearly with the number of receive antennas N;.
Furthermore, the diversity gain of a diversity order of IV, is reflected by converging the combination of the
N;-branch channel gains to 1 with increasing N;, where the fading variance of each channel is normalised
to unity. For example, when N, = 8, the DT system is capable of achieving a power gain of 9 dB and a
diversity gain of upto 15 dB, as shown in Figure 5.16.
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in Figure 5.16(b).

When the number of dispersive paths is L = 4, the system suffers from residual ISI, which
cannot be entirely eliminated by a classic FD-LE receiver. By observing Figure 5.16(b)
to 5.16(a), we observe that the proposed MMSE-SIC FD-DFE enhances the OR system’s
performance by up to 5 dB at the BER of 107* compared to the conventional MMSE FD-
LE. Specifically, when the multi-user system operates at full user load, i.e. we have K = M,
the SSA of Section 5.3.3 achieves the same performance as the DSA arrangement of Section
5.3.4 combined with DRS. By invoking a single-antenna BS receiver, the DRS-SSA scheme
of Figure 5.11 in Section 5.3.3 and DRS-DSA scheme of Figure 5.12 detailed in Section 5.3.4
attain a power gain of about 2.5 dB over the RRS benchmark at a BER of 1074, while
both of our proposed JDRA schemes perform similarly and attain an approximately 2.5 dB
additional power gain compared to the DRS scheme of Sections 5.3.3 and 5.3.4.

By contrast, the multiple-antenna BS invoked in our system offers receive diversity gains.
The fading-induced variation of gﬁg is beneficially reduced, when assuming an increased
number of NN, independent channel attenuations averaged over the m-th subband group
for the multi-path channel between the j-th relay and the BS. Therefore, the achievable
selection diversity gain of using J R-D channels is reduced in the absence of shadowing. As
a result, the DRS-SSA and DRS-DSA schemes detailed in Section 5.3.3 and 5.3.4 have more-
or-less the same performance as the RRS-SSA mentioned in Section 5.3.3, which implies that
the gain gleaned from selection diversity over the R-D channels cannot be attained in the
multi-antenna scenario. However, the proposed FHQA JDRA methods of Section 5.3.5 and
Section 5.3.6 are capable of achieving an additional gain by rearranging the resources at
the ORs by appropriately exploiting the S-R link quality. Importantly, by invoking the
JDRA-2 of Section 5.3.6, the first-hop quality becomes the dominant factor in determining
the achievable performance benefits of exchanging CQI between the cooperating relays, as
we discussed in Section 5.3.7. At a BER of 10~%, we note that JDRA-2 and JDRA-1 attain

gains of 14 dB and 3 dB compared to their conventional counterparts, respectively.

By contrast, Figure 5.17 characterises the half-rate RSC coded AF OR based BICM SC-
FDMA using the turbo FD-LE of Figure 5.4 [88-90] combined with BICM-ID, where ’0-
iteration’ refers to the classic non-iterative FD-LE of Figure 5.17(a). Note that, in the
context of BICM aided SC-FDMA system using N, = 8, the JDRA-2 scheme offers an
additional 3 dB gain over the JDRA-1 approach and also saves up to 2 dB transmit power
compared to the DT benchmark.
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SC-FDMA AF OR (N=12, M=K=J=6, L=4) SC-FDMA AF OR (N=12, M=K=J=6, L=4)
2 2
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FIGURE 5.17: BER versus E,/Ny performance of the AF OR based BICM SC-FDMA

uplink for IV, = 1 and 8 upon varying the resource allocation schemes compared to its DT

benchmark, where the BS’s receiver invokes (a) the classic MMSE FD-LE of Figure 2.12

or (b) the MMSE turbo FD-LE of Figure 5.4. The channel and system parameters are
summarised in Tables 5.15, 5.16 and 5.17.

TABLE 5.18: MMSE Turbo FD-LE modes

|| Relay | BS
O-iteration || Figure 5.18(a), Figure 5.18(b) | Figure 5.18(a), Figure 5.19(a)
1-iteration || Figure 5.19(a), Figure 5.19(b) | Figure 5.18(b), Figure 5.19(b)

5.4.3 BER Performance of DRA aided DF Opportunistic Relaying over
Uncorrelated Fading Channels

In this section, we evaluate the performance of the resource allocation approaches of Section
5.3 that are employed by the DF OR based SC-FDMA uplink. The half-rate RSC-coded
SC-FDMA scheme of Figure 5.2 invokes the MMSE turbo FD-LE relying on the BICM-ID
scheme discussed in Section 2.3.2 which is used both at the relay’s and the BS’s receivers,
where ’0-iteration’ refers to the classic non-iterative FD-LE. The MMSE turbo FD-LE con-
figurations employed are summarised in Table 5.18, while their parameters are summarised
in Table 5.17.

Firstly, let us consider the BS’s receiver using a single antenna. Figures 5.18 and 5.19
characterise the DF-relay of Section 5.2.3.4 operating with aid of either hard-decision or
soft-decision and denoted as ’hard-DF’ and ’soft-DF’, respectively. As expected, the hard-
DF has a lower BER performance compared to soft-DF, since hard-DF typically introduces
more dramatic error propagation at the relay. Furthermore, the attainable performance of
the hard-DF or of the soft-DF schemes seen in Figure 5.18 may remain the same, when

using a non-iterative FD-LE at the relay, regardless of the number of iterations used at
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SC-FDMA DF OR (N=1, N=12, M=K=J=6, L=4) SC-FDMA DF OR (N=1, N=12, M=K=J=6, L=4)
2 2
1| CONV(2,1,3), 4-QAM (SP), R:=0.5, MMSE Turbo FD-LE iter(0,0) | 1| CONV(2,1,3), 4-QAM (SP), R:=0.5, MMSE Turbo FD-LE iter(0,1) |
5 5
2 2 AWGN DT iter(0) | 2 o AWGN DT iter(1) |
10t E A, | 0t b E 2 J
5 5
2 \Q\ 2
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(a) Classic MMSE FD-LE (0 iteration) (b) MMSE turbo FD-LE (1 iteration)

FIGURE 5.18: BER versus E,/Ny performance of the soft-decision aided DF OR based
BICM SC-FDMA uplink for N, = 1 upon varying the resource allocation schemes compared
to its hard-decision based DF benchmark, when the relay’s receiver uses the classic MMSE
FD-LE (0O-iteration) of Figure 5.4, while the BS’s receiver invokes (a) the classic MMSE
FD-LE of Figure 2.12 or (b) the MMSE turbo FD-LE (1-iteration) of Figure 5.4. The
channel and system parameters are summarised in Tables 5.15, 5.16 and 5.17.

the BS’s receiver. By contrast, observe in Figure 5.19 that the substantial performance en-
hancements may be attained by the turbo FD-LE upon increasing the number of iterations
at the relay. This is because carrying out iterative joint equalisation and decoding at the
relay mitigates the ISI and eliminates the potential error propagation during relaying. Ad-
ditionally, observe in Figure 5.19(a) that the JDRA-1 scheme of Section 5.3.5 outperforms
the JDRA-2 approach of Section 5.3.6, when the residual IST inflicted upon the R-D links
cannot be removed by the non-iterative FD-LE at the BS’s receiver. The reason for this
phenomenon is that the JDRA-2 scheme selects the best relays in terms of the S-R channel
quality, albeit these relays may not provide the best resources associated with high channel

gains for the R-D links.

By contrast, when invoking a multi-antenna aided BS, Figure 5.20 characterises the BER
versus Fj, /Ny performance of the various resource allocation schemes for the soft-DF based
OR systems using the turbo FD-LE. Similar to the single-antenna scenario for N, = 1 of
Figure 5.19, a substantial performance enhancement is provided by the turbo FD-LE with
aid of iterative detection at the relay, which prevents the introduction of residual ISI-induced
error propagation during the second hop. Specifically, when we have N, = 8 as in Figure
5.20(b), the proposed JDRA-1 and JDRA-2 schemes invoking the turbo FD-LE of Figure
5.4 at both the relay and the BS attain a 1.5 and 3 dB gain over the conventional schemes
at a BER of 1074, respectively.

Additionally, Figure 5.21 characterises the performance of the various resource allocation
schemes that are applied to the soft-DF based OR SC-FDMA using the turbo FD-LE of
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FIGURE 5.19: BER versus E,/Ny performance of the soft-decision aided DF OR based
BICM SC-FDMA uplink for N, = 1 upon varying the resource allocation schemes compared
to its hard-decision based DF benchmark, when the relay’s receiver uses the MMSE turbo
FD-LE (1-iteration) of Figure 5.4 relying on the BICM-ID, while the BS’s receiver invokes
(a) the classic MMSE FD-LE (0-iteration) of Figure 2.12 or (b) the MMSE turbo FD-LE
of Figure 5.4. The channel and system parameters are summarised in Tables 5.15, 5.16 and

SC-FDMA Soft-DF OR (N,=8, N=12, M=K=J=6, L=4)
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SC-FDMA Soft-DF OR (N,=8, N=12, M=K=J=6, L=4)
2
1| CONV(2,1,3), 4-QAM (SP), R;=0.5, MMSE Turbo FD-LE iter(x,1)

5 = Rayleigh:
22 T = DT, iter(1)
1074 e, OR, iter(0,1)

s —— OR, iter(1,1)
’4
2 R - -
102 ¢ "o AWGN DT iter(1) | %
o X
B , S
2 LY
10° % 3
5 ——%
X
10¢| * RRSSSA | A\ :
5 | X DRS-DSA WA\ a %
A JDRA-1 N
2| o DRrA-2 N X%
10°
-10 -8 -6 -4 -2 0 2 4 6 8
Ey/No (dB)

(b) MMSE turbo FD-LE (1 iteration)

FIGURE 5.20: BER versus Ej/Ny performance of the soft-decision aided DF based BICM
OR SC-FDMA uplink for N, = 8 upon varying the resource allocation schemes, when the
BS’s receiver invokes (a) the classic MMSE FD-LE (0-iteration) of Figure 2.12 compared to
(b) the MMSE turbo FD-LE (1-iteration) of Figure 5.4, where the relay’s receiver invokes
either the classic MMSE FD-LE of Figure 2.12 or the MMSE turbo FD-LE of Figure 5.4.
The channel and system parameters are summarised in Tables 5.15, 5.16 and 5.17.

Figure 5.4 at both the relay’s and the BS’s receivers, compared to their channel-coded DT

benchmark for NV, = 1 and 8. The achievable transmit power reductions per bit fybA recorded

at the BER of 10~% are summarised in Table 5.20.

149
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SC-FDMA Soft-DF OR (N=12, M=K=J=6, L=4)
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FIGURE 5.21: BER versus Ej/Ny performance of the soft-decision aided DF based BICM

OR SC-FDMA uplink for N, = 1 and 8 upon varying the resource allocation schemes

compared to its DT benchmark, where both the relay’s and the BS’s receiver invoke the

MMSE turbo FD-LE (1-iteration) of Figure 5.4. The channel and system parameters are
summarised in Tables 5.15, 5.16 and 5.17.

TABLE 5.19: Energy-efficiency comparison of OR based uncoded SC-FDMA

& (dB) ECG
N, 1 8 1 8
DT - 0 0 0 0
RRS-SSA | AF || 65 —14 | 447 0.04
DRS-DSA | AF || 85 —14 | 7.08 0.04
JDRA-1 AF 11,5 —11 | 14.13 0.08
JDRA-2 [ AF || 11.5 1] 1413 1.26

5.4.4 Energy-Efficiency of DRA Aided OR based SC-FDMA over Uncor-
related Fading Channels

Let us now discuss the energy consumption metrics, namely the ECG of Section 5.4.1. The
attainable power reductions per bit ’ybA are summarised in Table 5.19 and 5.20. In Table 5.20,
we ignore the energy dissipated by the relatively short duration of the pilot-aided channel
estimation and CQI exchange. Specifically, for N, = 1, the proposed JDRA schemes are
capable of achieving an ECG of upto 14.1 compared to the DT benchmark. By contrast, for
N, = 8, our proposed JDRA-2 aided OR scheme attained an ECG of 1.6, while the other
methods may not succeed in reducing the transmit power compared to DT. Furthermore,
in Table 5.21, we take the energy consumption during the pilots-based CQI exchange into
account, hence we have a ECG of upto 12.6 for NV, = 1 and a ECG of upto 1.6 for IV, = 8.
The reason for this is that multiple-antenna aided reception provides a substantial receive
diversity gain by exploiting the independent fading of N, antennas. Therefore, the DRS-
DSA method’s benefits of assigning the most appropriate resources to multiple users erode

and hence it results in a similar performance to that of the RRS-SSA scheme of Section 5.3.3.
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TABLE 5.20: Energy-efficiency comparison of OR based BICM SC-FDMA using turbo
receiver for N, = 1, when ignoring the energy dissipated by the pilots-based CQI exchange.

& (dB) ECG

N, 1 8 1 8

DT - 0 0 0 0
RRS-SSA | AF 5 —35 (316 045
DF || 875 —15| 7.5 0.71
DRS-DSA | AF || 75 —35 ] 562 045
DF 10 -15| 10 0.71

JDRA-1 | AF || 95 —-1[891 079
DF 11 —0.25 | 12.6 0.94

JDRA-2 [ AF || 95 2 1891 158
DF 11 1126 1.26

TABLE 5.21: Energy-efficiency comparison of OR based BICM SC-FDMA using turbo
receiver for N, = 6, when considering on the energy dissipated by the pilots-based CQI

exchange.

& (dB) ECG

N, 1 8 1] 38
DT 0 0 1 1
JDRA-1 || AF 95 -1 7.63 | 0.68

DF 11 | —0.25 10.79 | 0.80
JDRA-2 || AF 95 2 7.63 | 1.35

DF 11 1 10.79 | 1.08

TABLE 5.22: Resource Allocation of RRS-RSA aided Soft-DF-OR

N=12M=K=N,,=6,L=4, J=1,2,4 and 8
N, =1,N. = 720
N; = 1, Ne = 7200

Common
Figure 5.22(a)
Figure 5.22(b)

Additionally, as discussed in Section 5.4.2, the second-hop quality becomes the dominant

factor in determining the performance by invoking the JDRA-1 approach.

5.4.5 BER Performance of DF Based OR versus the Interleaver Length

over Correlated Fading Channels

Let us initially consider the effects of varying the number of candidate relays J and the
normalised Doppler frequency of fnq for N, = 6. Figures 5.22(a) and 5.22(b) depict the
BER versus E} /Ny performance of soft-DF based BICM OR SC-FDMA operating with the
aid of the RRS-SSA scheme for the interleaver lengths of N. = 720 and 7200 coded bits per
frame, respectively. Since both DRS and DSA offer selection diversity gains, we adopted a
low-complexity RRS scheme for OR in order to characterise the advantages of OR and the
impact of the interleaver depth N, on SC-FDMA employing the turbo FD-LE of Figure 5.4.
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FIGURE 5.22: BER versus E;, /Ny performance of RRS-SSA aided Soft-DF based BICM OR

SC-FDMA uplink upon varying the number of relays J = 1,2,4 and 8 subject to various

normalised Doppler frequency fnq, where we have the number of RV of N,, = 6 and the

interleaver length of N, = 720 and 7200 coded bits per frame, respectively. The channel
and system parameters are summarised in Tables 5.15, 5.16 and 5.22.

TABLE 5.23: Resource Allocation of Section 5.4.6

Common N, =1,N=12,L =4, N,y = 6, Nc = 7200, fna=0.02
Figure 5.24(a) M =12,J = 6, varying K and DRAs
Figure 5.24(b) M = K =6, JDRA-1, varying J

Specifically, the performance of single-relay aided RSC-coded SC-FDMA for J = 1 degrades,
when the fading channel suffers from an increased TD correlation associated with a reduced
normalised Doppler frequency f,q. This scenario may result in a burst of errors within a
coded bit stream associated with a length of N, over prolonged fades, where the interleaver
having a limited depth is no longer effective. However, when increasing J at a given f,q and
N¢, the fading of OR channels becomes more spatially independent, leading to an improved
BER performance. Hence, the transmit energy per bit may be reduced. Therefore, rather
than using a long interleaver having a large buffering delay, the shorter interleaver based
DF-OR may be considered, particularly for real-time inter-active lip-synchronised video

applications subject to limited buffering delay [214].

5.4.6 BER Performance of DRA aided OR versus the Number of Users
and Relays

In this section, we quantify the impact of the number of source MTs K and that of the
candidate relays J involved in the various resource allocation schemes on the achievable BER
performance, when communicating over both uncorrelated and correlated fading channels

in Figure 5.23 and Figure 5.24, respectively. The simulation parameters are given in Table
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FiGURE 5.23: BER performance comparison of the various resource allocation schemes of
Section 5.3 over uncorrelated fading channels. The system schematic of Figure 5.5 and the
parameters of Tables 5.15, 5.16 and 5.23 were used.

5.23.

Since the design of the JDRA-1 scheme was further developed in Section 5.3.5 from the
DRS-DSA by invoking user ordering based on their first-hop quality, observe by comparing
Figure 5.23(a) that its single-user BER performance remains the same as that of DRS-DSA.
However, the BER performance of JDRA-1 was found to be better in Figure 5.23(a) than
that of DRS-DSA, when the multi-user system operated at its full user load. In contrast
to JDRA-1, observe in Figure 5.23(a) that the JDRA-2 scheme guarantees that the best
relay is assigned to each user before DSA, which results in a significantly reduced BER for
the single-user scenario, while exhibiting the same performance for the full-load multi-user
scenario. Furthermore, as evidenced by Figure 5.23(b), both JDRA schemes maximise the
benefits of all the candidate relays involved in DRA, hence providing a better performance

than the conventional schemes, upon increasing J.

5.4.7 Complexity of DRA aided OR versus the Number of Relays and
the Bandwidth Expansion Factor

Last but not least, Figure 5.25 characterises the computational complexity in terms of the
number of comparisons O within each resource allocation scheme for both single-user and
full-load multi-user systems according to Tables 5.12 and 5.14. The complexity of our
proposed JDRA schemes is linearly increased upon increasing J, as shown in Figure 5.25(a).
By contrast, upon observing Figure 5.25(b) for a given J, we infer that the O versus M
relationship is linear. Practically, by taking into account the results of Figures 5.23 and 5.24,

we can strike an attractive trade-off between the performance achieved and the complexity
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FI1GURE 5.24: BER performance of the various resource allocation schemes of Section 5.3
over correlated fading channel for f,q = 0.02, N, = 6. The system schematic of Figure 5.4
and the parameters of Tables 5.15, 5.16 and 5.23 were used.
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F1GURE 5.25: Complexity comparison of the various resource allocation schemes of Section
5.3 for the single-user (K = 1) and the full-load multi-user (K = M) scenarios in terms of
Tables 5.12 and 5.14.

imposed by the JDRA schemes for J < 15 and M = 6, 15.

5.5 Summary

In this chapter, we investigated dynamic resource allocation aided opportunistic relaying
conceived for the SC-FDMA uplink, in order to improve the attainable reliability and energy-
efficiency. We assumed that the relays were in each other’s vicinity, and either the subband-
based AF scheme of Figure 3.3(b) or the turbo FD-LE aided DF relay scheme of Figure 5.4

was employed. We studied the conventional schemes, such as the DRS combined with either
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TABLE 5.24: Power reduction in terms of the SNR gain per bit 74" (dB) recorded at the

BER of 10~ of various resource allocation schemes for the OR based SC-FDMA uplink

compared to the DT benchmark using N =12, M = K = J = 6, L = 4, when the BS’s

receiver employs single- or multiple antennas for communicating over frequency-selective
fading channels. The schemes are listed in descending order of complexity.

& (dB) Non-FEC BICM
N, 1 8 1 8
JDRA-2 [ AF [[ 11.5 1] 95 2
DF - -1 1
JDRA-1 [ AF [[ 115 —11| 95 —1
DF - - 11 -025
DRS-DSA | AF || 85 —14 | 75 —35
DF - -] 10 -15
RRS-SSA [ AF || 65 —14 5 35
DF - - |87 —15

SSA or DSA for two-hop relaying transmissions. By assuming that the cooperative relays
can exchange their CQIs, we proposed the novel FHQA-aided JDRA schemes of Figure
5.13, which exploit the first-hop quality for the joint design of DRS and DSA at the relays.
Furthermore, the FHQA aided JDRA-1 and JDRA-2 schemes of Figures 5.14 and 5.15 were
activated depending on whether the second-hop or the first-hop channel quality dominates

the attainable performance.

Our studies and performance results demonstrated that the proposed FHQA aided JDRA
algorithms of Sections 5.3.5 and 5.3.6 outperform the conventional DRS-DSA of Figure 5.3.4
and achieve up to 2 dB power reduction in channel coded systems. Furthermore, by invoking
a multi-antenna aided BS, the JDRA-2 scheme of Subsection 5.3.6 outperforms the JDRA-1
method of Subsection 5.3.5. When compared to a SC-FDMA DT benchmark, both of the
JDRA schemes are capable of attaining an ECG of 14.1, when invoking a single-antenna BS,
while an ERG of up to 1.6 was offered by the JDRA-2 scheme in the multi-antenna aided
scenario. Therefore, by employing a multi-antenna BS, the proposed JDRA schemes are
capable of achieving a superior performance in comparison to the DT benchmark, while its
counterparts consume significantly more power. Furthermore, channel coded OR systems
were found to be capable of reducing the transmit power as a benefit of its spatial interleaving
gain owing to increasing the number of relays, when communicating over highly correlated
fading channels. Hence, for the sake of decreasing the buffering delay and increasing the
energy-efficiency, the interleaver depth of the proposed systems may be shortened, when the
relays invoke the soft-DF protocol of Section 5.2.3.4. Finally, Table 5.24 summarises the
achievable power reduction in terms of the SNR gain per bit 'ybA (dB) of various resource
allocation schemes for the OR based SC-FDMA uplink compared to the DT benchmark
using N =12, M = K = J =6, L = 4, when the BS’s receiver employs single- or multiple

antennas for communicating over frequency-selective fading channels. The schemes are listed
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in descending order of complexity.



Chapter

Conclusions and Future Work

In this concluding chapter, we summarise the findings for our investigations. Furthermore,

suggestions for future research will be presented at the end of this chapter.

6.1 Summary of Findings

In this thesis, we have investigated a variety of cooperative relaying schemes designed for
the SC-FDMA uplink, when communicating over broadband wireless channels, for the sake
of increasing the achievable energy-efficiency. We have assumed that there are a number of
inactive MT's acting as potential relays, which have either fixed or time-variant positions in a
cell. Our investigation have been focused on the optimum exploitation of the resources, when
considering relay selection, power allocation and subband allocation, as well as novel FDE
and diversity combining approaches. In comparison to the benchmark schemes considered in
the literature, the reliability and energy-efficiency of our proposed systems was significantly

improved. Below we first summarise our main findings obtained in each of the chapters.

6.1.1 Chapter 1

In this chapter, an overview of cooperative communications was presented. Our research was
motivated by aiming for energy saving. The user cooperation concept relying on relaying
techniques was introduced in Section 1.2.2, which is capable of forming a virtual MIMO
among the cooperating single-antenna-aided MTs in order to achieve a cooperative diversity
gain with the aid of the cooperative relaying protocols reviewed in Section 1.2.3. As discussed
in Section 1.2.4, cooperative networks may rely on either serial or parallel multi-relay assisted

regimes, as well as on a generalised model combining both of them. We then considered the

157
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signal processing techniques applied at the relays in Section 1.2.5. The AF relays benefit
from low-complexity implementation, while the DF relays are capable of achieving higher
power reduction with the aid of FEC coding. The resource allocation schemes introduced
in Section 1.2.6 for the relays may consider the issues of relay selection, power allocation
and subband allocation, for the sake of achieving a selection diversity gain in both the
frequency- and spatial-domains as well as for reducing the transmitted power. Specifically,
the dynamic approaches of relay selection, power allocation and subband allocation require
the knowledge of instantaneous CSI. Finally, we detailed the thesis outline and highlighted
our novel contributions in Section 1.3.2. Let us now elaborate on these contributions a little

further.

6.1.2 Chapter 2

In Sections 2.1, 2.2 and 2.3 we have reviewed the basic principles of the OFDM, SC-FDMA
and BICM-ID techniques, respectively.

We have shown that OFDM is capable of reducing the effects of ISI with the aid of the
CP. However, as argued in Section 2.1.4, multi-carrier modulation results in a high PAPR.
Furthermore, OFDM is in general unable to attain frequency-diversity and time-diversity in
the absence of FEC coding and inter-subcarrier interleaving or subcarrier-repetition, which

reduces the throughput.

By contrast, SC-FDMA schemes are capable of eliminating the PAPR problem, hence they
are suitable for high-rate uplink transmissions. As argued in Section 2.2.1, the imple-
mentation complexity of the TD SC-FDMA transmitter of Figure 2.5 is lower than that
of the TFD SC-FDMA transmitter, which invokes the DFT-spread OFDMA structure of
Figure 2.8(a). The receiver complexity of both the TD and TFD SC-FDMA of Figure
2.4(b) and 2.12 is the similar. The TFD SC-FDMA arrangement benefits from the flexi-
bility of transceiver reconfiguration. Both the LFDMA and IFDMA versions of the TFD
SC-FDMA systems discussed in Section 2.2.2 may achieve some diversity gain in the pres-
ence of frequency-selective fading. Indeed, IFDMA is capable of achieving the maximum
attainable frequency-diversity in dispersive multi-path fading channels. By contrast, the
LFDMA has a modest frequency diversity in comparison to IFDMA. However, the LEFDMA
scheme has to invoke either intelligent symbol-to-subband allocation schemes or multi-user
scheduling in order to achieve multi-user diversity. Nevertheless, as argued in Section 2.2.5,
the above-mentioned frequency-diversity gain is only achievable for both the LFDMA and
IFDMA, when the residual IST was efficiently mitigated. At the receiver of both SC-FDE
and SC-FDMA of Figure 2.4(b) and 2.12, invoking DFT and IDFT allows low-complexity
single-tap FDE to be carried out. Therefore, the joint complexity of the equaliser, DF'T and
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IDFT may become lower than that of the conventional TD equaliser having a high number
of taps. However, the residual ISI may persist, when non-ZF types of FD equalisers are

employed.

The combination of BICM with OFDM and SC-FDMA, etc exhibits various benefits, since
BICM was designed for increasing the time-diversity gain of coded modulation in order to
mitigate the effects of fading. It was shown in [92] that given a total complexity of 64 trellis
states, BICM-ID outperforms BICM in both AWGN and uncorrelated fading channels. It
was also shown in [92] that as expected, the performance of BICM is dependent on the
interleaver length in correlated fading channels, albeit not in uncorrelated fading, which
models an infinite-interleaver scenario. By contrast, the BER performance of BICM-ID is

highly dependent on the interleaver length in both AWGN and correlated fading channels.

6.1.3 Chapter 3

In this chapter, we investigated the AF fixed-relay assisted cooperative SC-FDMA scheme
using IFDMA signalling. Both the SDR and SSR topologies were considered, when the
multi-user systems either have a sufficiently high number of relays, so that each of them
is dedicated to a single user, or have insufficient relays, hence they have to be shared by
multiple users. In this chapter, two types of AF relaying schemes were conceived for both the
SDR and SSR topologies of Figure 3.1, which include the conventional AF and the proposed
subband-based AF schemes of Figure 3.3. Specifically, the proposed subband-based AF
relaying scheme was designed for the sake of noise suppression at relays. Furthermore, the
MMSE based FD-LE was employed separately, i.e. in isolation for the direct and the relaying
channels. Then the decision variables generated were combined by the simple TD-EGC of
Figure 3.4.

Our performance results of this chapter show that the proposed single-relay assisted co-
operative SC-FDMA schemes are free from MUI at the relays, when communicating over
frequency-selective fading channels. The IFDMA signalling scheme of Figure 2.10(b) is
capable of providing a significant frequency diversity gain in cooperative systems, where
cooperative diversity may be achieved for both SDR and SSR topologies in both single-path
and multi-path fading channels. As a result, the subband-based AF scheme of Figure 3.3(b)
is capable of achieving a multi-user performance, which is better than that of the conven-
tional single-user AF protocol operated in a multi-path environment, which is an exploit
benefit of the subband-based AF regime as well as of the noise suppression capability of the
relay. It can be shown that the achievable power reduction may be up to 6 dB at a BER
of 1074, when compared to the conventional DT benchmark. Finally, Table 3.3 summarises

the power reduction in terms of the SNR gain per bit 72 recorded at the BER of 10™4 of the
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various single-relay assisted AF schemes for the cooperative SC-FDMA uplink compared to
the DT benchmark, when experiencing frequency-selective fading. The schemes are listed

in descending order of complexity.

6.1.4 Chapter 4

In this chapter, we assumed that the relays were roamed in a geographically distributed sce-
nario. The performance benefits of the energy-efficient opportunistic cooperation conceived
for the multi-user SC-FDMA uplink were evaluated, when communicating over frequency-
selective fading channels in large-scale fading environments. In order to maintain MUI free
conditions at the relays, each relay was assumed to employ the subband-based AF scheme
of Figure 3.3(b). Furthermore, since the noise imposed at BS’s receiver both by the direct-
and relaying links has a coloured spectral density, the MMSE FD-LE based JFDEC so-
lution of Figure 4.4 was proposed, which jointly optimised the equalisation and receiver
diversity combining at the BS’s receiver, in order to maximise the cooperative diversity
gain. Moreover, a number of energy consumption metrics were adopted for evaluating the
energy-efficiency of the proposed schemes. In this chapter, we proposed three different types
of channel-dependent relay selection schemes designed for opportunistic cooperation, which
relied on specifically designed source/relay power allocation in the presence of both pass-loss
and shadowing, while subjected to imperfect power control. Firstly, the SU-RS scheme of
Figure 4.5(a) was designed, when assuming that the number of available relays is sufficient
for each cluster of relays serving a single source MT. Secondly, assuming that the number of
available relays is insufficient, the proposed MU-RS scheme of Figure 4.5(b) allows multiple
users to share the same cluster of relays. Finally, the MA-RS scheme dynamically assigns a
single relay to serve all the source MTs, when the number of relays is lower than the number

of source MTs.

Our performance results demonstrated that at a BER of 107, the proposed JFDEC aided
BS’s receiver of Figure 4.4 is capable of saving 2 dB power by achieving a higher cooperative
diversity gain than the conventional receiver of Figure 3.4. Furthermore, as shown in Figure
4.8(a), the optimal location of the AF relay is close to the BS and the AF relay requires
a lower transmit power than the source MT. When the relays are dynamically distributed,
the proposed SU-RS, MU-RS and MA-RS schemes of Figure 4.5 benefit from substantial
selection diversity gains in diverse shadowing scenarios. For instance, when the channel
exhibits as high shadowing variance as 8 dB at E},/Ny = —10 dB, an ECG of 2.5 — 4.5 is
attainable by invoking the proposed SU-RS, MU-RS and MA-RS schemes in comparison to
the conventional DT scenario. Most importantly, the ECG gleaned from our MU-RS and
MA-RS schemes may increase to 4 — 8, when the shadowing variance is increased from 4 to
8 dB, compared to the DT in the absence of shadowing at Ey, /Ny = —10 dB. Finally, Table
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4.10 summarises the power reduction in terms of SNR gain per bit vbA recorded at the BER
of 1074 of the various relay selection schemes using OPA for the AF based OC SC-FDMA
uplink compared to the DT benchmark using N = L = M = 8, when communicating
over frequency-selective fading channels. The schemes are listed in descending order of

complexity.

6.1.5 Chapter 5

In this chapter, we investigated dynamic resource allocation aided opportunistic relaying
conceived for the SC-FDMA uplink, in order to improve the attainable reliability and energy-
efficiency. We assumed that the relays were in each other’s vicinity, and either the subband-
based AF scheme of Figure 3.3(b) or the turbo FD-LE aided DF relay scheme of Figure 5.4
was employed. We studied the conventional schemes, such as the DRS combined with either
SSA or DSA for two-hop relaying transmissions. By assuming that the cooperative relays
can exchange their CQIs, we proposed the novel FHQA-aided JDRA schemes of Figure
5.13, which exploit the first-hop quality for the joint design of DRS and DSA at the relays.
Furthermore, the FHQA aided JDRA-1 and JDRA-2 schemes of Figures 5.14 and 5.15 were
activated depending on whether the second-hop or the first-hop channel quality dominates

the attainable performance.

Our studies and performance results demonstrated that the proposed FHQA aided JDRA
algorithms of Sections 5.3.5 and 5.3.6 outperform the conventional DRS-DSA of Figure
5.3.4 and achieve up to 2 dB power reduction in channel coded systems. Furthermore, by
invoking a multi-antenna aided BS, the JDRA-2 scheme of Subsection 5.3.6 outperforms
the JDRA-1 method of Subsection 5.3.5. When compared to a SC-FDMA DT benchmark,
both of the JDRA schemes are capable of attaining an ECG of 14.1, when invoking a single-
antenna BS, while an ECG of up to 1.6 was offered by the joint DRA-2 scheme in the
multi-antenna aided scenario. Therefore, by employing a multi-antenna BS, the proposed
joint DRA schemes are capable of achieving a superior performance in comparison to the
DT benchmark, while its counterparts consume significantly more power. Furthermore,
channel coded OR systems were found to be capable of reducing the transmit power as
a benefit of its spatial interleaving gain owing to increasing the number of relays, when
communicating over highly correlated fading channels. Hence, for the sake of decreasing the
buffering delay and increasing the energy-efficiency, the interleaver depth of the proposed
systems may be shortened, when the relays invoke the soft-DF protocol of Section 5.2.3.4.
Finally, Table 5.24 summarises the power reduction in terms of SNR gain per bit 'ybA (dB)
of various resource allocation schemes for OR SC-FDMA compared to the DT benchmark
for N =12, M = K = J =6, L = 4, when the BS’s receiver employs single- or multiple

antennas communicating over frequency-selective fading channels. The schemes are listed
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in descending order of complexity.

6.2 Suggestions for Future Work

In this thesis, we mainly considered the user cooperation in a single-cell scenario. However,
in a multi-cell network [215], substantial inter-cell interference (ICI) may be imposed on
the received signals at the MT, at the BS as well as at the relays [216]. In [217], various
architectures of stationary relay deployment have been designed for LTE-Advanced systems
by taking into account the MT location, BS sectoring and frequency-reuse in interference-
limited scenarios. In order to mitigate the ICI and reduce the energy per bit, a trade-off
has to be struck between the energy-efficiency and bandwidth-efficiency. In this section,
several suggestions are made for energy-efficient cooperative cellular systems, which may be

considered as in our future work.

6.2.1 Relay-Assisted Multi-Cell Resource Allocation

In a single-cell scenario resource allocation may be carried out either in a centralised fashion
or in a distributed fashion, where the latter regime leads to the concept of distributed
antenna systems (DAS). However, the resource allocation of multi-cell network has to
be appropriately designed for coordinating the ICI. In [218], a variety of solutions operating
in both single-cell and multi-cell OFDMA networks were reviewed in the absence of relays.
When invoking the relays, the increased ICI may be mitigated by multi-cell processing
(MCP) [219]. However, MCP requires a joint signal processing capability across multiple
BSs, which relies on real-time information exchange amongst the BSs over the backhaul [220].
Therefore, relay-assisted multi-cell resource allocation may be a promising solution, which
allows the relays to have the capability of dynamic scheduling [221]. In this case, having low-
complexity resource allocation algorithms is attractive and the signal processing workload at

the BSs may be reduced for the sake of energy reduction in SC-FDMA/OFDMA Networks.

In Chapter 5, we introduced the multi-way relaying (MWR) [211,222] philosophy for the sake
of exchanging CQI among a cluster of dynamic relays in a single-cell. Naturally, extending
this CQl-oriented MWR regime to the multi-cell network allows the relays to carry out MUD
and resource allocation in order to mitigate the ICI for the S-R channels and to avoid the
ICI for R-D channels in the uplink, particularly when encountering a good channel quality
among the multiple relays. For instance, wireless backhauls associated with a low path-
loss and a line-of-sight (LOS) component may be available, when the distributed relays are

stationary or the co-located relays are inactive MTs.
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TABLE 6.1: An example of non-identical propagation channels in uplink and downlink

Link Channel || Path-loss n | Shadowing & | Multi-path fading
S-D uplink/downlink 4 8 dB | Non-LOS (Rayleigh)
S-R uplink 2 2 dB | Non-LOS (Rayleigh)
R-D uplink/S-R downlink 2 0dB LOS (Rician)
R-D downlink || 2 2 dB | Non-LOS (Rayleigh)

Moreover, in [223-231], queueing based scheduling has been conceived for fair resource
allocation in wireless cellular networks. By introducing cooperative relaying as well as BS
cooperation, the source MTs at the cell-edge require access both to multiple relays and to
multiple BSs. Therefore, the queueing and multi-user scheduling issues of both the source
and the relays may be investigated. It is also possible to jointly consider the associated
hand-over issues, where the relays and BSs may be regarded as multiple servers in the

queueing models [232].

However, the optimisation of the above-mentioned resource allocation crossing different

layers of multi-cell networks remains an open problem at the time of writing.

6.2.2 Link-Quality-Aware Relay-Assisted Network Optimisation

In conventional network optimisation the QoS may be guaranteed by appropriate cell planing
and power control relying on a simplified propagation model, which is essentially based on
path-loss. In relay-assisted networks, when assuming that the S-D, S-R and R-D links
experience identical fading distribution as well as the same path-loss exponent, multi-hop
relaying and cooperative relaying are capable of extending cellular coverage and increasing
the system’s throughput, respectively. However, in realistic propagation channels, both the
fading distributions and path-loss exponents of the S-D channel, of the S-R channels, as
well as of the R-D channels may be non-identical. For example, as shown in Table 6.1,
we may assume that a wireless backhaul may be set up between the BS and the J relays
associated with strong LOS components. In this case, the S-D channel quality is much lower
than that of the S-R and R-D channels, which results in a low SINR for the S-D link at the
receiver. In this case, the maximal ratio combining of the direct link and of the J relaying
links may have non-central chi-squared distributed channel gains, which implies having a
diversity order lower than (J + 1) compared to the previously assumed identical channel
scenario. However, the signal received from direct link and form the relay may assist the

each other at the destination by improving the FEC decoding capability.






Glossary

2G
3G
3GPP
4G

AF
AWGN

BCJR
BER
BICM
BLAST
BLER
BPSK
BS

CCMC

CDF
CDMA
CIR
CP
CQI
CSI
CSIR
CSIT

DAS

second generation.
third generation.
Third Generation Partnership Project.

fourth generation.

amplify-and-forward.

additive white Gaussian noise.

Bahl-Cocke-Jelinek-Raviv.

bit-error rate.

bit-interleaved coded modulation.

Bell Laboratories Layered Space-Time.
block-error rate.

binary phase-shift keying.

base station.

continuous-input continuous-output memoryless
channel.

cumulative density function.

code-division multiple-access.

channel impulse response.

cyclic prefixing.

channel quality information.

channel state information.

channel state information at the receiver.

channel state information at the transmitter.

distributed antenna systems.
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GLOSSARY

DF

DFT

DPA

DRA

DRS
DS-CDMA
DSA

DT

ECG
EGC
EPA

FD
FD-DFE
FD-LE
FDCHTF
FDE
FDMA
FEC
FHQA

ICT

1D
IDFT
IFDMA
ISI

JDRA
JFDEC

LFDMA
LLR
Log-MAP
LTE

LTI

MA-RS

decode-and-forward.

discrete Fourier transform.

default power allocation.

dynamic resource allocation.

dynamic relay selection.

direct-sequence code-division multiple-access.
dynamic subband/subcarrier allocation.

direct transmission.

energy consumption gain.
equal-gain combiner.

equal power allocation.

frequency-domain.

frequency-domain decision-feedback equalisation.
frequency-domain linear equalisation.
frequency-domain channel transfer function.
frequency-domain equalisation.
frequency-division multiple-access.
forward-error-correction.

first-hop quality awareness.

information and communication technology.
iterative decoding.

inverse discrete Fourier transform.
interleaved frequency-division multiple-access.

inter-symbol interference.

joint dynamic resource allocation.
joint frequency-domain equalisation and combin-

ing.

localised frequency-division multiple-access.
logarithmic-likelihood ratio.

logarithmic maximum a-posteriori probability.
Long Term Evolution.

linear time invariant.

multiple-access relay selection.



GLOSSARY

MAP maximum a-posteriori probability.
MCP multi-cell processing.

MF matched-filtering.

MIMO multiple-input multiple-output.
MISO multiple-input single-output.
MMSE minimum mean-square error.
MRC maximum ratio combiner.

MT mobile terminal.

MU-RS multi-user relay selection.
MUD multi-user detection.
MUI multi-user interference.

MWR multi-way relaying.

NSC non-systematic convolutional.

ocC opportunistic cooperation.

OFDM orthogonal frequency-division multiplexing.
OFDMA  orthogonal frequency-division multiple-access.
OPA optimal power allocation.

OPEX operating expenditure.

OR opportunistic relaying.

P/S parallel-to-serial.

PAPR peak-to-average power ratio.

PCE power control error.

PDF probability density function.
QAM quadrature amplitude modulation.
QoS quality-of-service.

R-D relay-to-destination.

RB resource block.

RF radio frequency.

RRS random relay selection.

RSC recursive systematic convolutional.
RV resource vector.

S-D source-to-destination.

S-R source-to-relay.



iv GLOSSARY

S/p serial-to-parallel.
SC-FDE single-carrier frequency-domain equalisation.

SC-FDMA single-carrier frequency-division multiple-access.

SDR single-dedicated-relaying.

SIC successive interference cancellation.
SIMO single-input multiple-output.

SINR signal-to-interference-plus-noise-ratio.
SISO soft-input soft-output.

SNR signal-to-noise-ratio.

SP set-partitioning.

SRS static relay selection.

SSA static subband allocation.

SSR single-shared-relaying.

SU-RS single-user relay selection.

TCM trellis-coded modulation.

TD time-domain.

TD-EGC time-domain equal-gain combiner.
TDD time-division-duplex.

TFD time-frequency-domain.

TS time-slot.

TTCM turbo trellis-coded modulation.

ZF zero-forcing.

7P zero-padding.
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