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Abstract

Relay communications has attracted a growing interest in wireless communica-

tions with application to various enhanced technologies. This thesis considers

a number of issues related to data throughput in various wireless relay net-

work models. Particularly, new implementations of network coding (NC) and

space-time coding (STC) techniques are investigated to o�er various means of

achieving high-throughput relay communications.

Firstly, this thesis investigates di�erent practical automatic repeat request

(ARQ) retransmission protocols based on NC for two-way wireless relay net-

works to improve throughput e�ciency. Two improved NC-based ARQ schemes

are designed based on go-back-N and selective-repeat (SR) protocols. Ad-

dressing ARQ issues in multisource multidestination relay networks, a new

NC-based ARQ protocol is proposed and two packet-combination algorithms

are developed for retransmissions at relay and sources to signi�cantly improve

the throughput.

In relation to the concept of channel quality indicator (CQI) reporting in

two-way relay networks, two new e�cient CQI reporting schemes are designed

based on NC to improve the system throughput by allowing two terminals

to simultaneously estimate the CQI of the distant terminal-relay link without

incurring additional overhead. The transmission time for CQI feedback at

the relays is reduced by half while the increase in complexity and the loss of

performance are shown to be negligible. Furthermore, a low-complexity relay

selection scheme is suggested to reduce the relay searching complexity.

For the acknowledgment (ACK) process, this thesis proposes a new block

ACK scheme based on NC to signi�cantly reduce the ACK overheads and
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therefore produce an enhanced throughput. The proposed scheme is also shown

to improve the reliability of block ACK transmission and reduce the number of

data retransmissions for a higher system throughput. Additionally, this thesis

presents a new cooperative retransmission scheme based on relay cooperation

and NC to considerably reduce the number of retransmission packets and im-

prove the reliability of retransmissions for a more power e�cient and higher

throughput system with non-overlapped retransmissions. Moreover, two re-

lay selection schemes are recommended to determine the optimised number of

relays for the retransmission.

Finally, with respect to cognitive wireless relay networks (CWRNs), this

thesis proposes a new cooperative spectrum sensing (CSS) scheme to improve

the spectrum sensing performance and design a new CSS scheme based on NC

for three-hop CWRNs to improve system throughput. Furthermore, a new

distributed space-time-frequency block code (DSTFBC) is designed for a two-

hop nonregenerative CWRN over frequency-selective fading channels. The

proposed DSTFBC design achieves higher data rate, spatial diversity gain,

and decoupling detection of data blocks at all destination nodes with a low-

complexity receiver structure.

iv



Acknowledgements

This dissertation work is dedicated to my family and my friends.

First of all, I would like to express my special thanks to my advisors, Prof.

Brian G. Stewart, Prof. Huaglory Tian�eld, Dr. Huan Xuan Nguyen, and

Prof. Jinho Choi, for their invaluable guidance, advice, and encouragement

throughout my research. I have been lucky to work with them over the period

of the PhD degree. Their kindly willingness in providing technical support and

feedback were most important for the completion of this research. A kindly

thanks goes to Prof. Een-Kee Hong, Dr. Le-Nam Tran, and Mr. Nguyen-

Vu Le, who recommended me to continue my research in Glasgow Caledonian

University. I am also profoundly grateful to Glasgow Caledonian University

for funding my research.

I wish to acknowledge my school department for assisting me to conduct

my research. A warm appreciation is given to all my colleagues for providing

a friendly research environment and for helping me in daily life in Glasgow.

I wish to express my deep gratitude to my family, my parents Tung and

Ngoc, my mother-in-law Lien, my aunt Xuan, and my uncle Dung for their

permanent and unconditional love and encouragement. Thinking back, it must

have been a di�cult decision for my parents to allow their only son to study

in a Western country which is quite far from home.

Last but certainly not least, I wish to thank my lovely wife Bich Tram and

my cute daughter Gia Han for their endless love, patience, and understanding.

They have always been my best cheerleaders throughout this PhD journey.

Quoc-Tuan Vien

Glasgow, July 2012

v



Publication List

Journals

1. Quoc-Tuan Vien, Brian G. Stewart, Huaglory Tian�eld, and Huan X.

Nguyen, �E�cient cooperative spectrum sensing for three-hop cognitive

wireless relay networks,� to appear in IET Communications, Nov. 2012.

2. Quoc-Tuan Vien, Brian G. Stewart, Huaglory Tian�eld, and Huan X.

Nguyen, �Cooperative retransmission for wireless regenerative multirelay

networks,� IEEE Transactions on Vehicular Technology, Oct. 2012, DOI

10.1109/TVT.2012.2224393.

3. Quoc-Tuan Vien, Huan X. Nguyen, Jinho Choi, Brian G. Stewart, and

Huaglory Tian�eld, �Network coding-based block acknowledgement scheme

for wireless regenerative relay networks,� IET Communications, Sep.

2012, DOI 10.1049/iet-com.2011.0681.

4. Quoc-Tuan Vien, Brian G. Stewart, Huaglory Tian�eld, Huan X. Nguyen,

and Jinho Choi, �An e�cient network coded ARQ for multisource mul-

tidestination relay networks over mixed �at fading channels,� Elsevier

AEU International Journal of Electronics and Communications, Sep.

2012, DOI 10.1016/j.aeue.2012.08.013.

5. Quoc-Tuan Vien and Huan X. Nguyen, �Network coding-based chan-

nel quality indicator reporting for two-way multi-relay networks,� Wiley

Journal on Wireless Communications and Mobile Computing, Sep. 2012,

DOI 10.1002/wcm.2296.

vi



6. Quoc-Tuan Vien, Brian G. Stewart, and Huan X. Nguyen, �Outage

probability of regenerative protocols for two-source two-destination net-

works,� Springer Journal on Wireless Personal Communications, May

2012, DOI 10.1007/s11277-012-0673-8.

7. Quoc-Tuan Vien, Le-Nam Tran, and Huan X. Nguyen, �E�cient ARQ

retransmission schemes for two-way relay networks,� Journal of Commu-

nications Software and Systems, vol. 7, no. 1, pp. 9�15, Mar. 2011

(invited paper).

Conferences

1. Quoc-Tuan Vien, Brian G. Stewart, Huaglory Tian�eld, and Huan X.

Nguyen, �An e�cient cooperative retransmission for wireless regenera-

tive relay networks,� in Proceedings IEEE Global Communications Con-

ference (GLOBECOM 2012), Anaheim, California, USA, Dec. 2012, pp.

4622�4627.

2. Quoc-Tuan Vien, Huaglory Tian�eld, and Brian G. Stewart, �E�cient

cooperative spectrum sensing for cognitive wireless relay networks over

Rayleigh �at fading channels,� in Proceedings IEEE Vehicular Technology

Conference (VTC 2012-Spring), Yokohama, Japan, May. 2012, pp. 1�5.

3. Quoc-Tuan Vien and Huan X. Nguyen, �CQI reporting strategies for

nonregenerative two-way relay networks,� in Proceedings IEEE Wire-

less Communications and Networking Conference (WCNC 2012), Paris,

France, Apr. 2012, pp. 974�979.

4. Quoc-Tuan Vien, Huaglory Tian�eld, Brian G. Stewart, Huan X. Nguyen,

and Jinho Choi, �An e�cient retransmission strategy for multisource

multidestination relay networks over Rayleigh �at fading channels,� in

Proceedings IEEE International Symposium on Wireless Personal Mul-

timedia Communications (WPMC 2011), Brest, France, Oct. 2011, pp.

171�175.

vii



5. Quoc-Tuan Vien, Huan X. Nguyen, Jinho Choi, Brian G. Stewart, and

Huaglory Tian�eld, �Network coding-based block ACK for wireless relay

networks,� in Proceedings IEEE Vehicular Technology Conference (VTC

2011-Spring), Budapest, Hungary, May. 2011, pp. 1�5.

6. Quoc-Tuan Vien, Le-Nam Tran, and Huan X. Nguyen, �Network coding-

based ARQ retransmission strategies for two-way wireless relay networks,�

in Proceedings IEEE International Conference on Software, Telecommu-

nications and Computer Networks (SoftCOM 2010), Split, Croatia, Sep.

2010, pp. 180�184.

viii



Contents

Declaration ii

Abstract iii

Acknowledgements v

Publication List vi

List of Figures xiii

List of Tables xviii

Abbreviations xix

Notation xxiv

1 Introduction 1

1.1 Thesis Contributions . . . . . . . . . . . . . . . . . . . . . . . . 4

1.1.1 Chapter 2: NC Based ARQ Retransmission . . . . . . . 5

1.1.2 Chapter 3: NC Based CQI Reporting . . . . . . . . . . . 6

1.1.3 Chapter 4: NC Based Block ACK and Cooperative Re-

transmission . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.1.4 Chapter 5: NC Based Spectrum Sensing . . . . . . . . . 8

1.1.5 Chapter 6: Distributed Space-Time-Frequency Block Cod-

ing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.2 Diversity Techniques and Related Work . . . . . . . . . . . . . . 9

1.2.1 Diversity Techniques . . . . . . . . . . . . . . . . . . . . 10

ix



1.2.2 MIMO Techniques . . . . . . . . . . . . . . . . . . . . . 12

1.2.3 Motivation of Cooperative Diversity . . . . . . . . . . . . 16

1.3 Cooperative Diversity and Related Work . . . . . . . . . . . . . 18

1.3.1 Cooperative Protocols . . . . . . . . . . . . . . . . . . . 19

1.3.2 Distributed Space-Time Coding . . . . . . . . . . . . . . 21

1.4 Network Coding and Related Work . . . . . . . . . . . . . . . . 24

1.4.1 Network Coding and Physical Layer Network Coding . . 25

1.4.2 Decode-and-Forward Physical Layer Network Coding . . 27

1.4.3 Amplify-and-Forward Physical Layer Network Coding . . 28

1.5 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2 NC Based ARQ Retransmission 31

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.2 ARQ Strategies for TWSRNs . . . . . . . . . . . . . . . . . . . 36

2.2.1 Scheme A - NC Based Stop-and-Wait ARQ . . . . . . . 40

2.2.2 Scheme B - Improved NC Based Go-Back-N ARQ . . . . 40

2.2.3 Scheme C - Improved NC Based Selective Repeat ARQ . 41

2.2.4 Throughput E�ciency Analysis . . . . . . . . . . . . . . 42

2.2.5 Numerical and Simulation Results . . . . . . . . . . . . . 46

2.3 ARQ Strategies for MMSRNs . . . . . . . . . . . . . . . . . . . 48

2.3.1 DT Protocol . . . . . . . . . . . . . . . . . . . . . . . . . 50

2.3.2 RT Protocol . . . . . . . . . . . . . . . . . . . . . . . . . 50

2.3.3 NC-based Protocol . . . . . . . . . . . . . . . . . . . . . 50

2.3.4 Transmission Bandwidth Analysis . . . . . . . . . . . . . 52

2.3.5 Numerical and Simulation Results . . . . . . . . . . . . . 59

2.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3 NC Based CQI Reporting 66

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.2 Proposed CQI Reporting Scheme . . . . . . . . . . . . . . . . . 70

3.3 Analysis of MSE of Estimated CQI . . . . . . . . . . . . . . . . 76

3.4 Opportunistic CQI Based RS . . . . . . . . . . . . . . . . . . . 81

x



3.5 Numerical and Simulation Results . . . . . . . . . . . . . . . . . 85

3.5.1 Performance of CQI reporting in TWSRN . . . . . . . . 86

3.5.2 Performance of CQI reporting and RS in TWMRN . . . 91

3.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4 NC Based Block ACK & CR 94

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.2 Block ACK Schemes . . . . . . . . . . . . . . . . . . . . . . . . 100

4.2.1 Non-NC-based and Proposed NC-based Block ACK . . . 102

4.2.2 Error Probability Analysis of Block ACK Transmission . 108

4.2.3 Numerical and Simulation Results . . . . . . . . . . . . . 118

4.3 CR Schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

4.3.1 BCR, GCR and Proposed XRGCR Schemes . . . . . . . 126

4.3.2 Error Probability Analysis of Block ACK Transmission . 133

4.3.3 Average Number of Packets in Retransmission . . . . . . 138

4.3.4 Relay Selection for Retransmission . . . . . . . . . . . . 141

4.3.5 Numerical and Simulation Results . . . . . . . . . . . . . 143

4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

5 NC Based Spectrum Sensing 151

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

5.2 Local Spectrum Sensing . . . . . . . . . . . . . . . . . . . . . . 155

5.3 CSS for CWRNs . . . . . . . . . . . . . . . . . . . . . . . . . . 157

5.3.1 Proposed CSS Scheme for A Group of Cognitive Radio

Users . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

5.3.2 Proposed NC Based CSS Scheme for Two Groups of Cog-

nitive Radio Users . . . . . . . . . . . . . . . . . . . . . 160

5.4 Performance Analysis of CSS . . . . . . . . . . . . . . . . . . . 162

5.5 Numerical and Simulation Results . . . . . . . . . . . . . . . . . 167

5.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

xi



6 DSTFBC 176

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

6.2 Fading Channel Model . . . . . . . . . . . . . . . . . . . . . . . 182

6.3 Proposed DSTFBC and Decoupling Capability . . . . . . . . . . 183

6.3.1 Proposed DSTFBC . . . . . . . . . . . . . . . . . . . . . 183

6.3.2 Decoupling in Time and Frequency Domain . . . . . . . 188

6.4 Performance Analysis . . . . . . . . . . . . . . . . . . . . . . . . 193

6.4.1 Scenario (a): PS → {R1, R2}: Rician fading, {R1, R2}

→ PD: Rayleigh fading . . . . . . . . . . . . . . . . . . 194

6.4.2 Scenario (c): PS → {R1,R2} and {R1,R2} → PD:

Rician fading . . . . . . . . . . . . . . . . . . . . . . . . 197

6.5 Numerical and Simulation Results . . . . . . . . . . . . . . . . . 199

6.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

7 Conclusions and Future Work 208

7.1 Summary of Original Work . . . . . . . . . . . . . . . . . . . . . 208

7.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211

References 215

xii



List of Figures

1.1 Relay communications in cellular network. . . . . . . . . . . . . 2

1.2 Flowchart of diversity and MIMO techniques. . . . . . . . . . . 10

1.3 2x2 MIMO with Alamouti scheme. . . . . . . . . . . . . . . . . 14

1.4 Flowchart of cooperative communications. . . . . . . . . . . . . 17

1.5 Flowchart of cooperative protocols and distributed space-time

coding. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

1.6 Cooperative protocols: (a) Decode-and-forward and (b) amplify-

and-forward. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.7 Flowchart of physical layer network coding. . . . . . . . . . . . . 25

1.8 Two-way single-relay network with: (a) Conventional relaying,

(b) network coding and (c) physical layer network coding. . . . . 26

2.1 Two-way relay channel: (a) MA phase and (b) BC phase. . . . . 36

2.2 Two-way relay channel with NC. . . . . . . . . . . . . . . . . . . 37

2.3 BC phase with: (a) Memoryless ARQ, (b) typical ARQ, (c)

NC-based ARQ and (d) improved NC-based ARQ. . . . . . . . 38

2.4 BC phase with: (a) Improved NC-based GBN ARQ and (b)

improved NC-based SR ARQ. . . . . . . . . . . . . . . . . . . . 41

2.5 Throughput e�ciency of MA phase. . . . . . . . . . . . . . . . . 47

2.6 Throughput e�ciency of BC phase. . . . . . . . . . . . . . . . . 48

2.7 Throughput e�ciency of two-way relay network considering both

MA and BC phase. . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.8 Multisource multidestination single-relay network model. . . . . 50

xiii



2.9 Retransmission packets with RT and the new NC-based ARQ

protocol. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.10 Block diagram of proposed protocol. . . . . . . . . . . . . . . . 53

2.11 Transmission bandwidth of di�erent protocols over Rayleigh

fading channels with various SNRS1R. . . . . . . . . . . . . . . . 60

2.12 Transmission bandwidth of di�erent protocols over Rician fad-

ing channels Si → R and Rayleigh fading channels R → Di,

i = 1, 2, as a function of SNRS1R. . . . . . . . . . . . . . . . . . 61

2.13 Transmission bandwidth of di�erent protocols over Rician fad-

ing channels Si → R and Rayleigh fading channels R → Di,

i = 1, 2, with various K factors as a function of SNRS1R. . . . . 62

2.14 Transmission bandwidth of di�erent protocols over Rayleigh

fading channels Si → R and Rician fading channels R → Di,

i = 1, 2, as a function of SNRS1R. . . . . . . . . . . . . . . . . . 63

2.15 Transmission bandwidth of di�erent protocols over Rician fad-

ing channels Si → R and Rician fading channels R → Di,

i = 1, 2, with various K factors as a function of SNRS1R. . . . . 64

3.1 System model of two-way multi-relay network. . . . . . . . . . 70

3.2 MSE of estimated ρ1 at T2 versus SNR of R1 − T2 link with

di�erent relay schemes. . . . . . . . . . . . . . . . . . . . . . . . 87

3.3 MSE of estimated ρ1 at T2 versus SNR of R1−T2 link when the

SNRs of T1 −R1 and R1 − T2 links are equal. . . . . . . . . . . 87

3.4 MSE of estimated ρ1 at T2 versus di�erent CQI levels (Q1). . . . 88

3.5 Sum-rate versus di�erent CQI levels with adaptive modulation

and coding scheme. . . . . . . . . . . . . . . . . . . . . . . . . . 89

3.6 Sum-BER versus di�erent CQI levels with adaptive modulation

and coding scheme. . . . . . . . . . . . . . . . . . . . . . . . . . 89

3.7 MSE versus number of relays (N) with di�erent relay selection

schemes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

xiv



3.8 MSE versus number of relays (N) with di�erent relay selection

schemes and di�erent SNR values of uplink transmission. . . . . 91

3.9 Number of iterations versus number of relays (N) with SRS and

SBBRS schemes. . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.1 System model of two-hop multi-relay network. . . . . . . . . . . 100

4.2 Protocol sequence with: (a) non-NC-based block ACK scheme,

(b) proposed NC-based block ACK scheme. . . . . . . . . . . . 101

4.3 Example for block ACK schemes in one-relay network. . . . . . 105

4.4 Example for block ACK schemes in two-relay network. . . . . . 107

4.5 RDEP at S versus SNRR1S. . . . . . . . . . . . . . . . . . . . . 118

4.6 RDEP at S versus SNRDS. . . . . . . . . . . . . . . . . . . . . . 119

4.7 RDEP at R1 versus SNRDR1 . . . . . . . . . . . . . . . . . . . . 119

4.8 Sum-RDEP versus SNRR1S. . . . . . . . . . . . . . . . . . . . . 120

4.9 Sum-RDEP versus SNRDS. . . . . . . . . . . . . . . . . . . . . . 121

4.10 Sum-RDEP versus SNRDR1 . . . . . . . . . . . . . . . . . . . . . 122

4.11 Average number of data retransmissions per packet versus SNRR1S

for Scenario 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

4.12 Average number of data retransmissions per packet versus SNRDS

for Scenario 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

4.13 Average number of data retransmissions per packet versus SNRDR1

for Scenario 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

4.14 System model of two-hop multi-relay network with relay selection.125

4.15 Example of proposed XRGCR scheme in two-relay network. . . 130

4.16 Example of proposed XRGCR scheme in three-relay network. . . 132

4.17 RDEP at S versus SNRR1S. . . . . . . . . . . . . . . . . . . . . 144

4.18 Sum-RDEP versus SNRR1S. . . . . . . . . . . . . . . . . . . . . 145

4.19 ANR at S versus SNRR1S. . . . . . . . . . . . . . . . . . . . . . 146

4.20 ANRs at the 5 relays. . . . . . . . . . . . . . . . . . . . . . . . . 146

4.21 Sum-ANR versus SNRR1S. . . . . . . . . . . . . . . . . . . . . . 147

xv



4.22 Number of relays selected for the RET phase versus frame length

(log10 W ). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

4.23 Number of relays selected for the RET phase versus total power

constraint (PR,tot). . . . . . . . . . . . . . . . . . . . . . . . . . 148

5.1 System model of three-hop cognitive wireless relay network. . . 155

5.2 Sensing process in cognitive wireless relay network. . . . . . . . 156

5.3 Local spectrum sensing performance at a CU (CR1,1) with var-

ious SNR values of the SS channel (γ
(CR1,1)
P1C1,1

). . . . . . . . . . . . 168

5.4 Cooperative spectrum sensing performance at FC with 2 CUs,

γ
(CR1,1)
P1C1,1

= γ
(CR1,2)
P1C1,2

= 10 dB and γ
(FC)
C1,1F

= γ
(FC)
C1,2F

. . . . . . . . . . . 169

5.5 Cooperative spectrum sensing performance at FC with 2 CUs,

γ
(FC)
C1,1F

= γ
(FC)
C1,2F

= 10 dB and γ
(CR1,1)
P1C1,1

= γ
(CR1,2)
P1C1,2

. . . . . . . . . . . 169

5.6 Cooperative spectrum sensing performance at FC with γ
(CR1,j)
P1C1,j

=

γ
(FC)
C1,jF

= 10 dB, j = 1, 2, . . . , N1, and various number of CUs (N1).170

5.7 Cooperative spectrum sensing performance at a CU (CR1,1)

over backward links with 2 CUs, γ
(CR1,1)
P1C1,1

= γ
(CR1,2)
P1C1,2

= γ
(FC)
C1,1F

=

γ
(FC)
C1,2F

= 10 dB and various γ
(CR1,1)
FC1,1

. . . . . . . . . . . . . . . . . 171

5.8 Cooperative spectrum sensing performance at a CU (CR1,1) over

backward links with γ
(CR1,j)
P1C1,j

= γ
(FC)
C1,jF

= γ
(CR1,j)
FC1,j

= 10 dB, j =

1, 2, . . . , N1 and various number of CUs (N1). . . . . . . . . . . . 171

5.9 Comparison of two cooperative spectrum sensing schemes over

backward links with 2 CUs, γ
(CR1,1)
P1C1,1

= γ
(CR1,2)
P1C1,2

= γ
(FC)
C1,1F

=

γ
(FC)
C1,2F

= 10 dB and various γ
(CR1,1)
FC1,1

. . . . . . . . . . . . . . . . . 172

5.10 Comparison of two cooperative spectrum sensing schemes over

backward links with γ
(CR1,j)
P1C1,j

= γ
(FC)
C1,jF

= γ
(CR1,j)
FC1,j

= 10 dB, j =

1, 2, . . . , N1 and various number of CUs (N1). . . . . . . . . . . . 173

5.11 MDP of cooperative spectrum sensing over SNR of backward

links with γ
(CR1,j)
P1C1,j

= γ
(FC)
C1,jF

= 10 dB, j = 1, 2, . . . , N1 and various

N1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

xvi



5.12 MDP of cooperative spectrum sensing over N1 with γ
(CR1,j)
P1C1,j

=

γ
(FC)
C1,jF

= 10 dB, j = 1, 2, . . . , N1 and various SNRs of backward

links. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

6.1 System model and data transmission in cognitive wireless relay

network with the assistance of two relays. . . . . . . . . . . . . . 182

6.2 Performance comparison of various transmission schemes in CWRN

over Rayleigh frequency selective fading channels with LPSR1 =

5, LPSR2 = 7, LR1PD = 5, LR2PD = 7. . . . . . . . . . . . . . . . 200

6.3 BER performance of the primary transmission over Rayleigh

frequency selective fading channels with various combinations

of channel memory order. . . . . . . . . . . . . . . . . . . . . . 202

6.4 BER performance of the secondary transmission over Rayleigh

frequency selective fading channels with various combinations

of channel memory order. . . . . . . . . . . . . . . . . . . . . . 202

6.5 BER performance of the primary transmission over mixed Rician-

Rayleigh frequency selective fading channels with various Rician

fading factors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

6.6 BER performance of the secondary transmission over mixed

Rician-Rayleigh frequency selective fading channels with vari-

ous Rician fading factors. . . . . . . . . . . . . . . . . . . . . . . 204

6.7 BER performance of the primary transmission over Rician fre-

quency selective fading channels with various Rician fading fac-

tors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

6.8 BER performance of the secondary transmission over Rician

frequency selective fading channels with various Rician fading

factors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

xvii



List of Tables

1.1 Comparison of MIMO techniques for �at fading channels . . . . 13

1.2 Comparison of MIMO techniques for frequency-selective fading

channels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.3 Comparison of DSTBC techniques . . . . . . . . . . . . . . . . . 23

2.1 Combination algorithm at R to retransmit Type-I packets . . . 54

2.2 Combination algorithm at Si to retransmit Type-II packets . . . 55

3.1 Bound-based relay selection scheme . . . . . . . . . . . . . . . . 86

3.2 CQI mapping table for 16 MCS levels . . . . . . . . . . . . . . . 90

4.1 Speci�c analysis scenarios . . . . . . . . . . . . . . . . . . . . . 115

4.2 RS based on frame length . . . . . . . . . . . . . . . . . . . . . 142

4.3 RS based on power constraint . . . . . . . . . . . . . . . . . . . 143

xviii



Abbreviations

4G Fourth Generation

ACK Acknowledgement

AF Amplify-and-Forward

AMC Adaptive Modulation and Coding

ANC Analog Network Coding

ANR Average Number of Retransmission

ARQ Automatic Repeat reQuest

BC Broadcast

BCR Best-relaying Cooperative Retransmission

BER Bit Error Rate

BPSK Binary Phase Shift Keying

BS Base Station

CDMA Code Division Multiple Access

CF Compress-and-Forward

CQI Channel Quality Indicator

CR Cooperative Retransmission

CROC Complementary Receiver Operating Characteristic

xix



CSCG Circularly Symmetric Complex Gaussian

CSI Channel State Information

CSS Cooperative Spectrum Sensing

CU Cognitive User

CWRN Cognitive Wireless Relay Network

DF Decode-and-Forward

DFT Discrete Fourier Transform

DSTBC Distributed Space-Time Block Code

DSTC Distributed Space-Time Code

DSTFBC Distributed Space-Time-Frequency Block Code

DT Direct Transmission

EX Exchange

FAP False Alarm Probability

FC Fusion Centre

FFT Fast Fourier Transform

FW Forward

GBN Go-Back-N

GCR Group-relaying Cooperative Retransmission

ICR Interference Cancellation at Relay

IMT International Mobile Telecommunications

ISI Inter-Symbol Interference

LOS Line-Of-Sight

xx



LSS Local Spectrum Sensing

LTE Long Term Evolution

MA Multiple Access

MAC Medium Access Control

MCS Modulation and Coding Scheme

MDP Missed Detection Probability

MIMO Multiple-Input Multiple-Output

ML Maximum Likelihood

MMSRN Multisource Multidestination Single-Relay Network

MS Mobile Station

MSE Mean Square Error

MUD Multi-User Detection

NACK Non-Acknowledgement

NC Network Coding

NLOS Non-Line-Of-Sight

OFDM Orthogonal Frequency-Division Multiplexing

OFDMA Orthogonal Frequency-Division Multiple Access

ORS Optimal Relay Selection

OSTBC Orthogonal Space-Time Block Code

PER Packet Error Rate

PLNC Physical Layer Network Coding

PU Primary User

xxi



QOSTBC Quasi-Orthogonal Space-Time Block Code

QPSK Quadrature Phase Shift Keying

RC Relay Cooperation

RDEP Retransmission Decision Error Probability

RET Retransmission

RIP Retransmission Indication Packet

ROC Receiver Operating Characteristic

RP Reporting

RS Relay Selection

RT Relaying Transmission

SBBRS Suboptimal Bound-Based Relay Selection

SFC Space-Frequency Code

SISO Single-Input Single-Output

SIV Spectrum Indicator Vector

SNR Signal-to-Noise Ratio

SR Selective-Repeat

SRS Suboptimal Relay Selection

SS Sensing

STC Space-Time Code

STFC Space-Time-Frequency Code

STTC Space-Time Trellis Code

SW Stop-and-Wait

xxii



TDD Time Division Duplex

TDMA Time-Domain Division Multiple Access

TR Time Reversal

TWMRN Two-Way Multi-Relay Network

TWSRN Two-Way Single-Relay Network

WiMAX Worldwide Interoperability for Microwave Access

XRGCR XOR and Relay Cooperation based Group-relaying Coopera-

tive Retransmission

xxiii



Notation

AT transpose of matrix A

A∗ complex conjugate of matrix A

AH Hermitian transpose of matrix A

FM normalised M ×M discrete Fourier transform matrix

0M×N all-zero matrix of size M ×N

IN identity matrix of size N ×N

∥x∥ Euclidean norm of vector x

x⊕ y bitwise XOR operator of two bit vectors x and y

x⊗ y bitwise AND operator of two bit vectors x and y

x̄ bitwise NOT or complement operator of a bit vector x

E(·) expectation function

Φ(·) moment generating function

f(·) probability density function

F (·) cumulative density function

exp(·) exponential function

Ei(·) exponential integral

⌈·⌉ ceiling function of a real number

CN
k number of k-element subsets of an N -element set

Γ(a) Gamma function

Γ(a, b) incomplete Gamma function

Iα(β) modi�ed Bessel function of the �rst kind

Gm,n
p,q

(
a1,...,ap
b1,...,bq

|z
)

Meijer G function

1F̃1(a; b; z) regularized hypergeometric function

xxiv



Chapter 1

Introduction

As wireless communications continues to grow with various enhanced tech-

nologies, the broadcast nature of the wireless medium has been exploited to

achieve better performance for data transmission. One speci�c aspect is that

multiple nodes in a network can help each other to forward information to

a desired destination. The energy waste and the unwanted interference that

have been normally considered as drawbacks of the shared media now become

a potential resource in assisting the communication between nodes. The at-

tenuation in signal strength caused by severe fading of the source-destination

link could be solved with the help of intermediate nodes whose channels are

independent of the channel between source node and destination node. There-

fore, the probability of successful transmission may be improved for a more

reliable communication if these issues are addressed.

The key to developing cooperative schemes for an improved performance

lies in multiple-input multiple-output (MIMO) technology which is the de-

ployment of multiple antennas at both the source node and destination node

[1, 2]. Recently, MIMO technology has gained attention in Long Term Evo-

lution (LTE) Advanced and Worldwide Interoperability for Microwave Access

(WiMAX) wireless network standards [3] since it o�ers signi�cant increases

in data throughput and link range without additional bandwidth or transmit

power. With these properties, MIMO is a widely researched theme in wireless

communications. However, in practical wireless cellular networks, the instal-
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lation of multiple antennas maybe impossible in the uplink transmission due

to the inherent hardware limitation of mobile handsets. Also, the requirement

of a propagation environment that can support MIMO techniques restricts the

use of MIMO in practice. Fortunately, mobile users can cooperate to form

a virtual multi-antenna system, and this is known as cooperative diversity or

user cooperation [4, 5]. The communication between a source node and a des-

tination node is now realized in a cooperative manner with cooperating nodes

acting as relay nodes for a source node.

BS
RS

RS

RS

MS

MS

MS

MS

MS

MS

MS

Figure 1.1: Relay communications in cellular network.

In fact, cooperative communications has attracted an increasing interest in

wireless communications with the aim of throughput enhancement and quality

improvement by exploiting spatial diversity gains [6,7]. The relays can be used

not only to improve service quality and link capacity for local users which

are located near the source but also to enhance coverage and throughput for

remote users. Inspired by the bene�ts of relays, relay-assisted communications

is incorporated in various types of wireless systems such as cellular [8�11], ad

hoc [12,13], sensor [14,15], ultra-wideband body area [16,17] and storage [18,19]
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networks. An example of applying relay communications in a cellular network

is shown in Fig. 1.1 where the transmission between base station (BS) and

mobile stations (MSs) is realised with the assistance of various relay stations

(RSs). In this �gure, RSs are exploited to improve the reliability for near-end

MSs with diversity gain and to enhance the coverage of the BS to support

far-end MSs.

Relay communications has been investigated and included in LTE Ad-

vanced and WiMAX protocols for 4G wireless networks [8, 9]. Data trans-

mission from a source node to a destination node through a relay node in

wireless relay networks can be classi�ed into two categories, namely one-way

and two-way relay networks. One-way relay networks consider unidirectional

communications where a source sends data to a destination through a relay.

On the other hand, two-way relay networks refer to a scenario where two par-

ties want to exchange information with each other through a relay. Moreover,

depending on the number of relays in the cooperation, the relay networks can

be further categorised into single-relay networks and multi-relay networks.

Conventionally, data traverses along the relays in a store-and-forward man-

ner, and thus the use of relays does not immediately increase network through-

put. Recently, the idea of network coding, which was initially proposed to

increase the system throughput in lossless networks [20, 21], has been applied

at the relays to dramatically improve the throughput of wireless relay net-

works [22�27]. By employing NC at the relay nodes to coordinate the trans-

mission among nodes in an e�cient way, the optimality of the bandwidth

could be achieved. Many NC-based protocols have been proposed for some

particular relay channel topologies such as relay-assisted bidirectional chan-

nels [28,29], broadcast channels [30,31], multicast channels [32,33] and unicast

channels [34, 35].

Most of the recent work has investigated the data transmission in wireless

relay networks, where various NC-based techniques and diversity techniques

were proposed to improve the throughput and reliability of the data commu-

nication channels. The design of signalling and feedback mechanisms that
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can achieve high throughput e�ciency and reduced retransmission packet la-

tency has received little attention in the previous literature. Speci�cally, in

this thesis, automatic repeat request protocols, channel quality indicator re-

porting schemes and acknowledgement mechanisms for retransmission will be

investigated for various relay channel models. In addition, the scarcity of spec-

trum resources has motivated to investigate spectrum sensing techniques for

wireless relay networks. Furthermore, to deal with the frequency selectivity

of fading channels in wide-band communication standards, diversity coding

schemes will be investigated to facilitate the data transmission of all licensed

and non-licensed users in wireless cooperative networks. In the scope of the

thesis, solutions to these problems will be investigated and provided.

The structure of the rest of this chapter is as follows: The main contribu-

tions of the thesis are �rst summarised in Section 1.1. Cooperative communi-

cations is then introduced starting from its foundation including the concepts

of diversity and MIMO techniques, which are presented in Section 1.2. Basic

principles and speci�c protocols of cooperative communications are then pre-

sented in Section 1.3 to point out several physical layer issues and aspects of

various relaying techniques. One of the techniques to improve bandwidth e�-

ciency in cooperative communications, namely distributed space-time coding,

is discussed in detail. Then, Section 1.4 presents the application of physical

layer network coding to improve the throughput of wireless relay networks

in which di�erent relay network models are taken into consideration; various

physical layer network coding techniques are also brie�y introduced. Finally,

Section 1.5 outlines the structure of thesis.

1.1 Thesis Contributions

In this thesis, the emphasis of the work is to improving data throughput in

various wireless relay network models. Network coding (NC) and space-time

coding (STC) techniques are investigated and exploited to o�er various means

of achieving high-throughput relay communications. Dealing with this prob-
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lem statement, this thesis aims to investigate automatic repeat request (ARQ),

channel quality indicator (CQI) reporting, acknowledgement (ACK), retrans-

mission, spectrum sensing and diversity coding schemes in the context of wire-

less relay channels. The main contributions in the thesis can be summarised

chapter by chapter as follows:

1.1.1 Chapter 2: NC Based ARQ Retransmission

Generally, the transmission of information over wireless medium su�ers from

fading and background noise, and thus requires a retransmission mechanism for

a reliable communication. The standard ARQ protocol has been proposed as

an e�ective method to improve the reliability of data transmission. Considering

the retransmission schemes for two-way wireless relay networks, this chapter

proposes di�erent practical ARQ retransmission protocols based on NC to

signi�cantly improve throughput e�ciency due to the reduction of the number

of retransmissions with the NC technique. Additionally, two improved NC-

based ARQ schemes are designed based on go-back-N and selective-repeat (SR)

protocols. The best retransmission strategy for di�erent scenarios is evaluated

through the analysis of throughput e�ciency. The combination of an improved

NC-based SR ARQ scheme in the broadcast phase and the traditional SR ARQ

scheme in the multiple access phase is shown to achieve the highest throughput

e�ciency compared to the other combinations of ARQ schemes.

Extending these principles to multicast or broadcast networks, lost packets

required to be retransmitted with ARQ protocols may introduce signi�cant

packet latency since each packet is retransmitted individually and retransmis-

sions are repeated until all packets are received correctly. For wireless relay

networks, the design of reliable transmissions over multisource multidestina-

tion single-relay networks (MMSRNs) for high network throughput e�ciency

has received little attention. Addressing the ARQ issue in MMSRNs, this

chapter proposes a new ARQ protocol based on NC to improve the through-

put by reducing the packets to be retransmitted. Two packet-combination

algorithms for the retransmissions at the relay and sources are proposed to
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e�ciently retransmit all lost packets. Mathematical formulation of the trans-

mission bandwidth for this new NC-based ARQ protocol is derived and com-

pared with some other ARQ protocols over both mixed Rayleigh and Rician

�at fading channels. The mixed fading model permits investigation of two

typical fading scenarios where the relay is located in the neighbourhood of ei-

ther the sources or the destinations. The transmission bandwidth results show

that the proposed NC-based ARQ protocol achieves superior performance over

other existing ARQ schemes.

1.1.2 Chapter 3: NC Based CQI Reporting

In practical wireless communication systems, channel state information (CSI)

available at the transmitter side is helpful for a number of designs includ-

ing optimal beamforming and adaptive modulation and coding schemes. The

CSI feedback schemes are commonly realised via CQI reporting. Most of the

recent work has investigated CQI reporting in one-way relay networks. Ex-

tending these CQI feedback schemes to two-way single-relay networks (TWS-

RNs) results in doubling the signaling overhead and requiring two time slots

at each relay node to forward these overheads to both terminal nodes. To cope

with this throughput degradation, this chapter proposes two new e�cient CQI

reporting schemes based on the XOR operator and superposition coding to

improve the system throughput by 16.7%. The proposed schemes allow two

terminals to simultaneously estimate the CQI of the distant terminal-relay

link without incurring additional overhead. Also, the transmission time for

CQI feedback at the relays is reduced by half while the increase in complexity

and the loss of performance are negligible. Upper and lower bounds of the

mean square error of the estimated CQI are derived to study performance be-

haviour of the proposed scheme. Furthermore, based on the derived bounds,

a low-complexity relay selection scheme is proposed to reduce the searching

complexity by at least three times in the case of a large number of relays.

6



1.1. Thesis Contributions Chapter 1. Introduction

1.1.3 Chapter 4: NC Based Block ACK and Cooperative

Retransmission

Over wireless fading and noisy channels, positive ACK with retransmission is a

communication protocol designed to assure the reliability of data packet trans-

mission. Due to the frequent transmissions of small-sized ACK packets, a block

ACK mechanism has been proposed to reduce the overhead required at each

node. Generally, block ACK schemes are restricted to one-to-one communica-

tions. Taking into account the circumstance of multi-relay networks, a total

of (2N + 1) block ACK packets is required to acknowledge the data transmis-

sion between source and destination nodes via the N relay nodes, which may

degrade the network throughput. Thus, as an e�ective means of throughput

enhancement, this chapter proposes a new block ACK scheme based on NC to

signi�cantly reduce the acknowledgement overheads by N block ACK packets.

The proposed scheme also achieves a reduction of N(N − 1) computational

operations. Additionally, this chapter derives the error probability of the de-

termination of the packets to be retransmitted at the source and relays. The

results show that the NC-based block ACK scheme also improves the reliability

of block ACK transmission and reduces the number of data retransmissions

for a higher system throughput.

Within relay networks, the retransmission can be realised in a cooperative

manner with the assistance of all available relays. This may result in a low

network throughput and high overall power consumption due to the retrans-

mission of the same packets across the nodes, especially when the number of

relays is large. These performance deteriorations have motivated a new pro-

posed cooperative retransmission (CR) scheme based on relay cooperation and

binary XOR operations. The proposed scheme signi�cantly reduces the num-

ber of retransmission packets to produce a more power e�cient and higher

throughput system with non-overlapped retransmissions. Signi�cantly, this

chapter derives the error probability of retransmission decisions and average

number of packets to be retransmitted at the source and relays. The proposed
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CR scheme is shown to improve the reliability of the retransmissions, reduce

the number of retransmissions and remove overlapped (or repeated) retrans-

mitted packets. Moreover, two relay selection schemes are proposed to identify

the optimised number of relays for the retransmission phase.

1.1.4 Chapter 5: NC Based Spectrum Sensing

Recently, to tackle the scarcity of spectrum resources in wireless communica-

tions, cognitive radio has been proposed as a promising technology to improve

spectrum e�ciency by providing dynamic spectrum access with various spec-

trum sensing techniques. Inspired by relaying techniques, cooperative spec-

trum sensing (CSS) was proposed not only to help shadowed cognitive users

detect primary users but also to improve detection reliability. With respect to

cognitive wireless relay networks (CWRNs), this chapter �rst proposes a new

CSS scheme to improve the spectrum sensing performance by exploiting both

local decisions at individual cognitive users and global decisions at the fusion

centre. In particular, taking into consideration a practical scenario where all

sensing, reporting and backward channels su�er from Rayleigh fading, this

chapter derives the probabilities of missed detection and false alarm, which

show that the proposed CSS scheme gains a better sensing performance than

the conventional scheme. The e�ects of the fading channels on the sensing re-

liability are also characterised through the derived expressions. Furthermore,

developing a three-hop CWRN consisting of two cognitive radio layers, a new

CSS scheme is proposed based on a binary XOR operator to help in reducing

one phase of sensing for a higher system throughput compared to the conven-

tional scheme which requires eight phases in total.

1.1.5 Chapter 6: Distributed Space-Time-Frequency Block

Coding

This chapter investigates the cooperative transmission in CWRNs over frequency-

selective fading channels. A new distributed space-time-frequency block code
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(DSTFBC) for a two-hop nonregenerative CWRN is proposed to convey in-

formation data from a primary source node and N secondary source nodes to

their desired primary destination node and N secondary destination nodes via

two relay nodes. The proposed DSTFBC design achieves higher data rate, spa-

tial diversity gain and decoupling detection of data blocks at all destination

nodes with a low-complexity receiver structure. In the proposed DSTFBC,

before forwarding the data received from various sources to the destination

nodes, the relay nodes precode the received signals with a proper precoding

matrix. The pairwise error probability is analysed to demonstrate the achiev-

able diversity gain of the proposed DSTFBC for two channel models where

the links from the sources to the relays and from the relays to the destinations

su�er from either mixed Rayleigh-Rician fading or only Rician fading. These

two speci�c channel models allow to analyse three typical scenarios where the

relays are in the neighbourhood of either the sources or the destinations or the

midpoint.

Parts of the work in this thesis have appeared in [36, 37] on the NC-based

ARQ mechanism for TWSRNs; [38�40] on the NC-based ARQ mechanism for

MMSRNs; [41,42] on the NC-based CQI reporting for TWSRNs; [43�46] on the

NC-based block ACK and CR schemes for multi-relay networks; and [47, 48]

on the NC-based CSS scheme for CWRNs. The rest of this chapter will focus

on background material for the thesis.

1.2 Diversity Techniques and Related Work

In this section, the basic concepts of diversity techniques are �rst described,

including temporal diversity, frequency diversity and spatial diversity. MIMO

systems are then presented along with di�erent space-time, space-frequency

and space-time-frequency coding schemes. The section concludes by introduc-

ing the limitations of MIMO techniques in practical wireless networks, and

thus motivates the concept of cooperative diversity which is regarded as a new

communication paradigm. For brevity, in Fig. 1.2, various basic diversity and
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MIMO

Temporal diversity Frequency diversity

DIVERSITY 

TECHNIQUES

To address bandwidth inefficiency

Spatial diversity

Narrowband wireless 

communications

Broadband wireless 

communications

To address flat fading To address frequency-selective fading

Space-time coding
Time-reversal orthogonal 

space-time block coding

Space-time-frequency 

coding (MIMO-OFDM)

High-complexity equalizers Require multi-subcarriers

Figure 1.2: Flowchart of diversity and MIMO techniques.

MIMO techniques are presented to address di�erent issues in di�erent wireless

communications environments. These techniques can be summarised in the

following subsections.

1.2.1 Diversity Techniques

In a communication system consisting of a source node and a destination node,

the reliability of the communications link can be improved by providing more

than one path between them. This technique is the main idea behind the term

diversity. In fact, by providing multiple replicas or copies of the transmitted

signals over independent channels, the destination can more reliably decode

the transmitted signal by either combining all the received signal, namely a

maximal ratio combiner, or selecting the best signal with the highest signal-to-

noise ratio (SNR), namely a selection combiner, or choosing the signal with an

SNR exceeding a threshold, namely a threshold combiner. In order to de�ne
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the diversity quantitatively, the relationship between the error probability Pe

and the received SNR, γ, is used to de�ne the formula of diversity gain as [49]

Gd , − lim
γ→∞

logPe

log γ
. (1.1)

It can be seen that the diversity gain Gd is the slope of the Pe curve in terms

of γ in a log-log scale. This means that a large diversity gain is preferred to

achieve a reduced Pe at a higher data rate. The problems are how to provide

various copies of the transmitted signal to the destination node in an e�cient

way in terms of power, time, bandwidth and complexity, and, how to take

advantage of these copies at the destination node to achieve the lowest Pe. To

cope with these two problems, various diversity methods are implemented as

follows:

Temporal Diversity

In temporal diversity, copies of the transmitted signal are sent at di�erent time

intervals [50]. The time interval between two transmitted replicas should be

longer than the coherence time of the channel to make the fading channels

uncorrelated and thus the temporal diversity can be obtained. However, the

temporal diversity is bandwidth ine�cient due to the delay that may be suf-

fered at the destination node in the case of a slow fading channel, i.e. a large

coherence time of the channel.

Frequency Diversity

Instead of using temporal separation between di�erent replicas of the trans-

mitted signal, the transmission of these copies can be carried out over di�erent

carrier frequencies to achieve frequency diversity [51]. Similar to temporal

diversity, frequency diversity can be achieved when there exists a necessary

separation between two carrier frequencies which should be larger than the co-

herence bandwidth of the channel. It can be seen that the frequency diversity

is also bandwidth ine�cient and the capability of frequency tuning is required

at the destination node.
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Spatial Diversity

In spatial diversity, multiple antennas are employed at the source node and/or

destination node to transmit and receive di�erent copies of the signal. Thus,

it is also called antenna diversity [52]. Spatial diversity does not su�er from

bandwidth ine�ciency which is the major drawback of temporal and frequency

diversity. In order to achieve spatial diversity, the antennas at the source node

and destination node are normally separated by at least half a wave length

of the transmission frequency to guarantee that the fading channels are low-

correlated or independent. Obviously, the condition of antenna separation

could be easily satis�ed at large base stations, but may not be applicable for

small handheld devices.

1.2.2 MIMO Techniques

In radio communications, the negative e�ects of fading phenomena on quality

and data rate in wireless communications can be combated with diversity in the

spatial domain. The concept of MIMO systems is de�ned for systems where

multiple antennas are deployed at the source node and destination node to

achieve diversity and multiplexing. However, this thesis will focus on diversity

MIMO only. Work in [1, 2] on various MIMO techniques is regarded as the

�rst studies of MIMO systems. These two pioneering publications showed

that a large capacity gain could be achieved with MIMO systems compared to

single-input single-output (SISO) systems. Also, these publications motivated

a large number of improvements on MIMO systems in terms of capacity and

diversity. In what follows, several well-known MIMO techniques that have

been used to achieve spatial diversity gain will will be presented and compared.

The comparisons of MIMO techniques for �at and frequency-selective fading

channels are brie�y summarized in Table 1.1 and Table 1.2, respectively, where

the properties of di�erent coding techniques are presented in terms of diversity

gain, data rate and decoding complexity.
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Table 1.1: Comparison of MIMO techniques for �at fading channels

Coding technique Properties

STTC [55,56] Full diversity, full rate, high-complexity de-

coding

Alamouti code [57] for 2

transmit antennas

Full diversity, full rate, simple decoding

OSTBC [58�60] for more

than 2 transmit antennas

Full diversity, simple decoding, rate of 3/4

for 3 and 4 transmit antennas, half rate for

any over 4 transmit antennas

QOSTBC [61, 62] for 4

transmit antennas

Half diversity, full rate, simple decoding

Rotated QOSTBC [63] for 4

transmit antennas

Full diversity, full rate, pairwise decoding

Table 1.2: Comparison of MIMO techniques for frequency-selective fading

channels

Coding technique Properties

TR-OSTBC [73�75] for

single-carrier MIMO

Full rate, full diversity in space and fre-

quency, no ISI, high-complexity equaliser

SFC [76, 78, 79] for MIMO-

OFDM

Full rate, spatial diversity, no ISI, low-

complexity decoding

SFC [81] for MIMO-OFDM Full rate, full diversity in space and fre-

quency, no ISI, high-complexity decoding

STFC [82�85] for MIMO-

OFDM

Full rate, full diversity in space, time and

frequency, no ISI, high-complexity decoding

Space-Time Coding for Flat Fading Channels

In [53,54], two space-time coding (STC) design criteria were derived based on

the upper bound of pairwise error probability. One is rank criterion or diversity

criterion in which an STC is said to achieve full diversity if the code di�er-

ence matrix is of full rank. The other is the product criterion or determinant

13
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criterion in which the coding gain of an STC is determined by the product of

eigenvalues of the code di�erence matrix, and thus it should be large to obtain

a high coding gain.
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Figure 1.3: 2x2 MIMO with Alamouti scheme.

One important means of achieving spatial diversity is by deployment of

multiple antennas at the transmitter, which is known as transmit diversity.

Space-time trellis coding (STTC) in [55, 56] can e�ectively exploit transmit

diversity but its decoding complexity increases exponentially with the trans-

mission rate. Thus di�erent transmit diversity schemes should be proposed to

avoid the complicated decoding algorithm in STTC. Dealing with this issue,

a new orthogonal transmit diversity scheme was proposed in [57] using two

transmit antennas. This scheme is well-known as the Alamouti code or Alam-

outi scheme in honour of its inventor. As shown in Fig. 1.3, the Alamouti code

is designed for a two-antenna system with the following coding matrix:s1 −s∗2

s2 s∗1

 (1.2)

The Alamouti scheme possesses very desirable properties including full diver-

sity, full rate (i.e. rate = 1) and simple decoding (i.e. symbol-wise maximum

likelihood (ML) decoding).

The Alamouti scheme was later generalized in [58�60] for more than two

transmit antennas, and characterised as orthogonal space-time block coding
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(OSTBC) for MIMO systems. OSTBC designs can achieve full diversity and

simple decoding. However, the rate is limited to a maximum of 3/4 for three

and four transmit antennas, and 1/2 for �ve or more transmit antennas. For

a particular case of 4 transmit antennas, a quasi-orthogonal space-time block

code (QOSTBC) was proposed in [61,62] to achieve a rate of 1 and the capa-

bility of symbol-wise ML decoding, but the diversity of QOSTBC is 2 which is

less than the maximum possible diversity of 4 when using OSTBC. To improve

the diversity of QOSTBC, rotated QOSTBC was proposed in [63] to achieve

both full rate and full diversity, but with a requirement of pairwise ML decod-

ing. In parallel with OSTBC and QOSTBC, other STCs were designed using

some speci�c matrix structures, such as cyclic STC in [64, 65], unitary STC

in [66,67], diagonal algebraic STC in [68,69] and groupwise STC in [70�72].

Space-Time-Frequency Coding for Frequency-Selective Fading Chan-

nels

Various STCs discussed above for MIMO systems were devised only for nar-

rowband wireless communications with �at fading channels. This means there

exists only one propagation path between a pair of transmit and receive an-

tennas. This situation occurs in low data rate transmissions when the channel

delay spread is relatively small compared to the symbol duration. In some

wireless communication standards, the system is required to operate at a high

data rate, and thus the communications channels become frequency-selective

fading. The frequency-selective or multipath fading channels cause not only

severe attenuation in signal strength, but also a large amount of inter-symbol

interference (ISI), which makes the signal detection unreliable. However, mul-

tipath fading channels can o�er multipath diversity or frequency diversity.

Many studies were then dedicated to extend OSTBCs to frequency-selective

fading channels [73�75]. Extending from the Alamouti code for two transmit

antennas, the proposed coding schemes in [73�75] can be viewed as a block im-

plementation of the Alamouti scheme for frequency-selective fading channels

where the transmission is performed at block level instead of symbol level and
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the time reversal (TR) operation is additionally carried out on the conjugated

version of the data block. Thus, these coding schemes were also known as time

reversal OSTBCs (TR-OSTBCs). With TR-OSTBCs, ISI is removed by using

only one carrier but a high-complexity equalisation is required.

Another method to mitigate the frequency selectivity of frequency-selective

fading channels is orthogonal frequency-division multiplexing (OFDM) . OFDM

is e�ective in reducing the high-complexity equalisation and o�ering high spec-

tral e�ciency. However, multi subcarriers are required to mitigate the fading

e�ects. For wideband MIMO-OFDM systems, space-frequency coding (SFC)

was �rst proposed in [76] by converting the time domain in the proposed STC

to the frequency domain. In [77], the performance criteria for SFC were de-

rived and the maximum achievable diversity was shown to be the product of

the number of transmit antennas, the number of receive antennas and the

number of delay paths. Similarly, di�erent versions of SFC were proposed

in [78,79]. However, these SFCs could achieve only spatial diversity and could

not be assured to achieve full diversity in terms of both spatial and frequency

diversity. Later, full-diversity SFCs were proposed in [80] based on the map-

ping from STCs, and then full-rate full-diversity SFCs were proposed in [81]

based on diagonal algebraic STCs. Considering SFCs over several consecutive

OFDM blocks, space-time-frequency coding (STFC) was �rst proposed in [82]

for two transmit antennas and then extended in [83�85] for multiple transmit

antennas. The design of STFCs for MIMO-OFDM systems that could achieve

the maximum achievable diversity or full diversity was proposed in [80]. It was

shown that the maximum achievable diversity is the product of the number of

transmit antennas, the number of receive antennas, the number of delay paths

and the number of independent fading blocks.

1.2.3 Motivation of Cooperative Diversity

As presented above, various coding schemes were designed for co-located an-

tennas in MIMO systems to greatly improve the performance of wireless com-

munications due to the capability of achieving spatial diversity. However, more
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Figure 1.4: Flowchart of cooperative communications.

than one co-located antenna is required at the source node. In wireless cellular

networks, these coding schemes can be easily implemented at the base station

to improve the reliability and capacity of the downlink transmission. For the

uplink transmission, the deployment of multiple antennas is, however, imprac-

tical due to the limitation in physical size of many current mobile handsets.

Recently, the problem of exploiting spatial diversity for the uplink transmission

of wireless cellular networks or more general ad-hoc networks has been solved

if various single-antenna terminals could assist the others to transmit data us-

ing an e�cient protocol. This is equivalent to creating virtual MIMO systems

where each single-antenna terminal acts as an antenna element in the MIMO

systems. Drawing from user cooperation to achieve some of the bene�ts of

MIMO systems, this form of diversity is well known as cooperative diversity or
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user cooperation diversity [4,5]. For brevity, the motivation and the taxonomy

of cooperative communications are summarised in Fig. 1.4, where the limita-

tion of MIMO techniques for uplink transmission are shown as a motivation

for the proposal of cooperative communications and where di�erent two-hop

relay communication models under investigation are outlined.

1.3 Cooperative Diversity and Related Work

Cooperative 

protocols

Decode-and-Forward Amplify-and-Forward

Improved reliability but bandwidth inefficiency

Distributed space-time coding

Narrowband wireless 

communications

Broadband wireless 

communications

Flat fading Frequency-selective fading

DF protocol AF Protocol DF Protocol AF Protocol

One-way single-relay networks

Figure 1.5: Flowchart of cooperative protocols and distributed space-time cod-

ing.

In this section, several cooperative protocols in wireless relay networks are

brie�y presented with a summary comparison of their performance. Specif-

ically, distributed STC is presented as a means to improve the bandwidth

e�ciency of cooperative communications by implementing the STC in a coop-

erative manner with the assistance of relays. In Fig. 1.5, di�erent cooperative
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protocols and distributed STC for di�erent fading channels are classi�ed de-

pending on the operation at the relays, which can be clari�ed in the following

subsections.

1.3.1 Cooperative Protocols

The very classical relay channel including three terminals was initially de�ned

in [86] where a relay terminal simply listens to the transmitted signal from a

source terminal, processes it and then sends it to a destination terminal. For

this relay channel model, the capacity was �rst investigated in [87] where lower

and upper bounds of the channel capacity are provided. The ergodic capacity

of the relay channel with di�erent coding strategies was then analysed in [88].

Decode-and-Forward

User 1

(Source)

User 2

(Relay)

Destination

(a)

Amplify-and-Forward

User 1

(Source)

User 2

(Relay)

Destination

(b)

Figure 1.6: Cooperative protocols: (a) Decode-and-forward and (b) amplify-

and-forward.

Motivated by the three-terminal channel model in [86, 87], low-complexity
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cooperative protocols were proposed and analysed in [6] considering a more

general system model with practical aspects. The protocols in [6] were de-

veloped in the context of time-domain division multiple access (TDMA) sys-

tems and terminals are assumed to operate in half-duplex. Speci�cally, two

notable cooperative protocols, namely amplify-and-forward (AF) and decode-

and-forward (DF), were de�ned and investigated for two types of relaying

techniques, i.e. �xed and adaptive relaying. These two basic protocols are

correspondingly illustrated in Fig. 1.6. While �xed relaying was shown to be

easy in implementation at the cost of low bandwidth e�ciency, adaptive re-

laying, including selective and incremental relaying, could increase the rate at

the expense of high complexity. In fact, the overall rate using �xed relaying

schemes is reduced by half for two transmissions from the source and relay, and

thus results in low bandwidth e�ciency. Instead of simply processing and for-

warding the data to the destination, the relay in the selective relaying scheme

has the capability of deciding when to transmit based on a certain threshold

of quality of the received signal, e.g. SNR. If the SNR of received signal at

the relay is lower than the threshold, i.e. the channel from the source to the

relay su�ers from severe fading, the relay does not carry out any processing. A

relaying scheme known as incremental relaying could improve the performance

further if the source knows when to repeat the transmission and the relay

knows when the destination needs help. It can be appreciated that adaptive

relaying schemes require high-complexity processing and a feedback channel

from the destination to both the source and relay is speci�cally required for

incremental relaying. In the scope of this work, �xed relaying techniques will

be focused on.

Decode-and-Forward Protocol

In the DF protocol [6], the relay tries to decode the signal from the source

and then transmits the decoded signal to the destination. However, the signal

detected at the relay is possibly corrupted, and thus might cause the coopera-

tion to be meaningless to the eventual decision at the destination. In order to
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achieve optimal detection, the destination needs to know the error statistics of

the inter-user link. This method was also mentioned in [4,5] for code division

multiple access (CDMA) in cellular networks. The diversity of the DF protocol

was shown to be limited to one due to the worst link from the source to the

relay and from the source to the destination [6].

Amplify-and-Forward Protocol

In the AF protocol, the relay only ampli�es what it receives from the source and

then transmits the ampli�ed version to the destination [6]. The destination

combines the information sent by the source and relay, and makes a �nal

decision on the transmitted signal. Although noise at the relay in the AF

protocol is ampli�ed by cooperation, the destination can make a better decision

with two independently faded versions of the transmitted signal. Thus, the AF

protocol achieves the full diversity, i.e. two.

Other Protocols

Besides DF and AF protocols, the compress-and-forward (CF) protocol also

attracted much attention in [87,88]. In the CF protocol, the relay transmits to

the destination a quantized and compressed version of the signal received from

the source. At the destination, the signal received from the source is used as

side information to decode the information from the relay. Another cooperative

protocol that was studied with the consideration of channel coding is coded

cooperation [89,90] where error-control coding is included into the cooperation.

In coded cooperation, the relay transmits incremental redundancy to help the

destination recover the original data more reliably by combining the codewords

with redundancy from the source and relay.

1.3.2 Distributed Space-Time Coding

The above mentioned protocols are in fact repetition-based cooperative di-

versity schemes designed to achieve spatial diversity gain as a virtual MIMO
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system. However, the bene�t of these cooperative protocols is achieved at the

price of decreasing bandwidth e�ciency with the number of cooperating termi-

nals, i.e. number of relays, because each relay requires its own subchannel for

repetition [7]. Inspired by the work on STCs for MIMO systems, distributed

space-time coding (DSTC) was proposed in [7] to improve the bandwidth e�-

ciency of cooperative communications. The basic idea of DSTCs is that each

single-antenna terminal in the relay network transmits a column of the orig-

inal OSTBCs that were designed for multiple co-located antennas in MIMO

systems. In a distributed fashion with the assumption of perfect synchroni-

sation, multiple columns of the original OSTBCs can be transmitted by the

source and relays to indirectly generate coding matrices, called distributed

space-time block codes (DSTBCs), which are of the same form as OSTBCs.

Similar to MIMO techniques, various DSTBCs were proposed for either �at or

frequency-selective fading channels. The comparison of various DSTBC tech-

niques for �at and frequency-selective fading channels is summarized in Table

1.3 where the properties of di�erent DSTBC designs are presented in terms of

diversity gain and processing complexity at the relay and destination nodes.

DSTBCs for Flat Fading Channels

The relays in [7] operate under the DF protocol, and thus they need to decode

their received signals. In [91, 92], di�erent DSTBCs were analysed for AF

relay networks. The original design criteria for conventional STC [53] was

shown to be able to apply to the DSTBCs. In [7], in order to guarantee full

diversity, the number of relay nodes should be less than the number of columns

in the conventional OSTBC matrix. The limit on the number of relays was

then solved by a new class of DSTBCs in [93] for multiple relays. In this

scheme, the signal transmitted by an active relay node is the product of an

information-carrying code matrix and a unique node signature vector to ensure

that no active node transmits data using the same coding vector. However,

this method operates under the DF protocol and requires high-complexity

processing at the relay nodes.
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Table 1.3: Comparison of DSTBC techniques

DSTBC for �at fading

channels

Properties

DSTBC for DF protocol [7,

93]

Full diversity, high-complexity relay, low-

complexity receiver

DSTBC for AF protocol [91,

92,95�97]

Full diversity, low-complexity relay, high-

complexity receiver

DSTBC for frequency-

selective fading channels

Properties

DSTBC for DF protocol [98] Model : multiple hops, multiple relays.

High-complexity relay, low-complexity re-

ceiver

DSTBC with OFDM for DF

protocol [99]

Model : two hops, multiple relays.

High-complexity relay, high-complexity re-

ceiver

DSTBC for AF protocol

[100]

Model : two hops, single relay.

Maximal diversity gain, low-complexity re-

lay, high-complexity receiver

For the AF protocol, the idea of linear dispersion space-time coding in

[94] was applied to construct a new DSTBC for relaying systems [95, 96] in

which the transmitted signal at each relay is a linear function of its received

signal. Each relay carries out only simple processing and does not need to

decode its received signal. However, these DSTBCs, in general, cannot o�er a

simple decoding mechanism at the destination. To address this problem, a new

class of DSTBCs was proposed in [97] to obtain symbol-wise ML decodability.

Moreover, the data rate of these schemes could be designed to be as large as

possible.
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DSTBCs for Frequency-Selective Fading Channels

Most of related work on cooperative wireless communication systems assume

�at fading channels. They ignore the fact that practical transmission through

wireless channels would su�er from inherent frequency-selective fading phe-

nomena, especially in networks supporting high data rate transmission as in

many current standards. For such cases, all the above mentioned designs are

not directly applicable. Considering frequency-selective fading channels, the

authors in [98] proposed DSTBCs for multi-hop transmission with the DF pro-

tocol. For optimal detection, the error statistics at the relays must be known at

the destination. However, this cannot be easily implemented in many current

wireless systems. Focused on the uplink communications system with �xed

wireless relay stations, the combination of DSTBC and OFDM signaling was

introduced in [99].

More recently, DSTBC for frequency-selective fading channels has been

studied in [100] where traditional equalisation techniques were extended to

DSTBC in cooperative communications with the AF protocol. The transmis-

sion scheme presented in [100] is still a repetition algorithm and the full rate is

impossible to achieve. Additionally, the DSTBCs in [100] were devised for relay

networks where there exists one active relay node and a direct communication

link between the source and the destination.

1.4 Network Coding and Related Work

As a well known technique to improve the throughput of wireless relay net-

works, physical layer NC (PLNC) has recently attracted much attention. In

this section, NC and the application of NC at the physical layer will be �rst

presented. Di�erent PLNC techniques for wireless two-way single-relay net-

works (TWSRNs) are then introduced and compared to show the advantages

and disadvantages of each technique. For brevity, in Fig. 1.7, di�erent PLNC

techniques for TWSRNs are illustrated along with the summary of the opera-

tions at the relay and their characteristics.
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Figure 1.7: Flowchart of physical layer network coding.

1.4.1 Network Coding and Physical Layer Network Cod-

ing

NC was �rst proposed in 2000 by [20] to increase system throughput in lossless

networks. This work was regarded as a seminal publication on NC and has

motivated a vast amount of related work on NC. The principle of NC is that

intermediate nodes are allowed to mix signals received from multiple links for

subsequent transmissions, e.g. using XOR operations to mix two signals from

two terminals.

In a typical TWSRN with no direct link between two transmitting termi-

nals, as shown in Fig. 1.8(a), four transmissions are conventionally required to

exchange the data from two terminals through a relay. By applying NC, the

number of transmissions could be reduced to three, including two transmis-

sions from two terminals to the relay and one broadcast transmission of mixed

data from the relay to both terminals (see Fig. 1.8(b)). Basically, the relay
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Figure 1.8: Two-way single-relay network with: (a) Conventional relaying, (b)

network coding and (c) physical layer network coding.

in an NC-based TWSRN mixes the signals received from two terminals, and

then forwards the combined signal to both terminals. An end terminal can

extract from the combined signal the data sent by another terminal based on

its known signal. However, the relay in the NC-based TWSRN has to avoid

the collision of data packets to detect the data from two terminals separately.

Considering the application of NC at the physical layer of TWSRNs, the

number of transmissions could be reduced to two due to the fact that two termi-
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nals can transmit simultaneously (see Fig. 1.8(c)). Accordingly, the PLNC can

improve the throughput in TWSRNs by up to 100% and 50% over the conven-

tional relaying and the NC-based relaying, respectively. Several studies have

been dedicated to investigating the application of PLNC to TWSRNs [22�27].

In [22�25], PLNC was practically applied to the wireless environment using

DF and AF relaying protocols. The scheduling in PLNC-based relay networks

was investigated in [26]. In [27], the performance of di�erent PLNC-based

protocols was analysed and compared in terms of bit error rate and data rate.

Basically, the processing at the relay in PLNC-based TWSRNs could be

carried out with either DF protocol [23] or AF protocol [24]. Thus, in gen-

eral, PLNC techniques for TWSRNs could be categorised into DF-PLNC and

AF-PLNC. The following presents these two typical PLNC techniques that

were �rst investigated in [23�25,101]. Other related work on PLNC techniques

can be found in [27,28,102�110], where di�erent PLNC-based approaches were

investigated and evaluated, such as performance analysis of DF-PLNC and

AF-PLNC protocols for TWSRN in [27, 28, 102, 108], DF-PLNC for multiple-

access channels in [103], channel coding and decoding for PLNC-based relay

networks in [104], beamforming for AF-PLNC-based TWSRNs in [105], di�er-

ential modulation for AF-PLNC-based TWSRNs in [106], symbol mapping for

AF-PLNC-based Gaussian multiple-access relay channels in [107], AF-PLNC

for asynchronous TWSRNs in [109] and convolutional codes for PLNC-based

TWSRNs in [110].

1.4.2 Decode-and-Forward Physical Layer Network Cod-

ing

In the one-way relay network operated under the DF protocol, the relay simply

decodes the signal received from the source before forwarding to the destina-

tion. However, the relay in PLNC-based TWSRNs receives two data sequences

simultaneously from two terminals. The challenging problem is how the relay

decodes this mixed signal. Dealing with this problem, the �rst strategy was
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proposed in [23]. In this approach, the relay decodes the sum of two signals

instead of decoding each signal individually. Thus, it was known as the DF-

PLNC technique. The sum of any two signals was characterised by a point in

a lattice. Based on this lattice, the relay can decode its received mixed signal

and then forward it to both terminals. Using the DF protocol, this scheme

does not su�er from noise ampli�cation at the relay, and thus a higher data

rate is expected. However, the generation of the lattice for mapping seems

to be quite complicated for a general scenario where the signals transmitted

from two terminals use di�erent modulation and coding schemes. Also, this

strategy requires synchronisation at the relay in both time and carrier when

receiving signals from two terminals.

Another approach to DF-PLNC was proposed in [101] where the relay sep-

arately decodes two signals from the mixed signal received from two terminals,

then combines and forwards them to both terminals. The decoding of two sig-

nals from the mixed signal could be implemented as multiuser detection [111].

Similar to the proposed DF-PLNC in [23], the error ampli�cation at the relay

does not have any e�ects on this strategy. As an advantage of this scheme,

the generation of lattice matrices for mapping is not necessary, which was a

di�cult problem in the previous DF-PLNC for various modulation and coding

techniques. However, decoding at the relay requires a higher complexity and

produces a lower data rate.

1.4.3 Amplify-and-Forward Physical Layer Network Cod-

ing

Using the AF protocol, the operation at the relay in PLNC-based TWSRNs

is much simpler. The relay only ampli�es the mix of two signals received from

two terminals, and then forwards this ampli�ed version to both terminals.

In the AF-PLNC technique, the relay performs processing upon the analog

signals received from two terminals, and thus it was also known as analog

network coding (ANC) [24]. Similar to the AF protocol for one-way relay

28



1.5. Thesis Outline Chapter 1. Introduction

networks, ANC has some advantages and disadvantages. The complexity at the

relay using ANC is signi�cantly reduced compared to DF-PLNC techniques.

However, the performance and data rate could be a�ected since the noise at

the relay is also ampli�ed and forwarded to both terminals. Additionally, in

order to extract the interested signal sent by another terminal from the mixed

signal, channel information has to be estimated at both terminals to remove

its own signal which is regarded as an interference to the interested signal.

As brie�y summarised above, PLNC and DSTC have recently emerged as

highly promising techniques to improve either the throughput or the reliability

of wireless relay communications. Various cooperative transmission protocols

have been designed for a variety of relay channel models based on these two

techniques. Inspired by this work, the PLNC and DSTC techniques provide an

underlying theory for the research in this thesis. In fact, these two techniques

provide the background for the research interest on the improvement of data

throughput in wireless relay networks. Speci�cally, taking into account vari-

ous relay channel models, ARQ, CQI reporting, ACK, spectrum sensing and

diversity coding mechanisms will be designed based on the PLNC and DSTC

techniques.

1.5 Thesis Outline

The rest of this thesis is organised as follows. Firstly, Chapter 2 presents the

proposed NC-based ARQ retransmission strategies for two-way relay networks

and multisource multidestination relay networks to enhance the throughput ef-

�ciency and transmission bandwidth of relay communications compared to the

non-NC-based schemes. Chapter 3 proposes NC-based CQI reporting schemes

for high-throughput two-way relay networks with a reduction of CQI over-

heads and transmission time slots. In Chapter 4, various block ACK and

CR schemes are proposed for relay networks based on NC to achieve a lower

error probability of block ACK transmission and reduced number of packets

in retransmission for a higher system throughput. Taking into account spec-
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trum e�ciency in relay networks, CSS schemes are proposed in Chapter 5

to enhance the reliability of spectrum sensing and NC is applied to CSS for

a higher system throughput. Furthermore, dealing with the data transmis-

sion in cognitive relay networks, Chapter 6 presents the proposed DSTFBC

for frequency-selective fading channels to achieve higher data rate, spatial di-

versity gain and decoupling capability of data blocks with a low-complexity

receiver. Finally, Chapter 7 draws conclusions from the thesis and provides

discussions for further work.
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Chapter 2

NC Based ARQ Retransmission

This chapter investigates various automatic repeat request (ARQ) retrans-

mission protocols for wireless two-way single-relay networks (TWSRNs) and

multisource multidestination single-relay networks (MMSRNs) based on im-

plementing network coding (NC).

Firstly, di�erent practical ARQ retransmission protocols are e�ectively pro-

posed for TWSRNs. The concept of NC is applied to increase the achievable

throughput for the exchange of information between two terminals through

one relay. Using NC, throughput e�ciency is signi�cantly improved due to

the reduction of the number of retransmissions. Particularly, two improved

NC-based ARQ schemes are designed based on go-back-N and selective-repeat

(SR) protocols. The analysis of throughput e�ciency is carried out to �nd

the best retransmission strategy for di�erent scenarios. Simulation results are

then provided to verify the theoretical analysis.

Secondly, this chapter proposes a new reliable ARQ transmission protocol

for MMSRNs over mixed fading channels. Conventional application of ARQ

protocols to retransmit lost or erroneous packets in relay networks can cause

considerable delay latency with a signi�cant increase in the number of re-

transmissions when networks consist of multiple sources and multiple destina-

tions. To address this issue, a new e�cient ARQ protocol is proposed based on

NC, where the relay detects packets from di�erent transmission sources, then

uses NC to combine and forward lost packets to their destinations. An e�-
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cient means for the retransmission of all lost packets is proposed through two

packet-combination algorithms for retransmissions at the relay and sources.

Particularly, the chapter derives the mathematical formulation of transmission

bandwidth for this new NC-based ARQ protocol and compares analytical and

simulation results with some other ARQ protocols over both mixed Rayleigh

and Rician �at fading channels. The mixed fading model permits investigation

of two typical fading scenarios where the relay is located in the neighbourhood

of either the sources or the destinations.

2.1 Introduction

An TWSRN refers to a scenario where two parties want to exchange informa-

tion with each other with the assistance of a relay. The relay can be used to

improve the performance of both transmissions simultaneously. The two-way

communications channel was �rst investigated by Shannon with the deriva-

tion of inner and outer bounds on the capacity region [112]. The application

of NC to TWSRNs has recently spawned a number of studies, e.g. [22�27].

Speci�cally, NC was practically applied to TWSRNs using either decode-and-

forward or amplify-and-forward relaying protocols [22�25]. The scheduling in

NC-based relay networks was then investigated in [26] and the performance of

di�erent NC-based protocols was analysed and compared in terms of bit error

rate and data rate in [27]. An end node in TWSRNs can decode the signals

from another node by XORing its known signal with the combined signals

received from the relay.

In addition to the improvement of throughput of relay communications us-

ing NC techniques, the reliability of data transmission should be taken into

consideration, especially in wireless environments with deep fading and back-

ground noise. Basically, reliable information transmission over error-prone

channels such as a wireless medium employs a retransmission mechanism via a

standard ARQ protocol [113], where, if a packet cannot be decoded, it is dis-

carded and retransmitted. The theoretical limits of ARQ systems in two-way
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communications were �rst investigated by Shannon [112], who demonstrated

that acknowledgement feedback could improve the reliability of a memoryless

channel at all rates below its capacity although it could not increase the chan-

nel capacity. The most common basic schemes of ARQ include stop-and-wait

(SW), go-back-N (GBN) and selective repeat (SR). This chapter considers the

retransmission schemes for two-way wireless relay networks based on NC. ARQ

protocols with NC have been generally studied in [114] and applied to other

system models such as broadcast channels in [30] and multicast transmissions

in [33]. The principle of NC applied to ARQ schemes is that the sender may

XOR the disjoint corrupted packets at di�erent receivers together and retrans-

mit them to all the involving receivers.

ARQ techniques permit information to be reliably delivered over multicast

or broadcast networks by repeating the retransmission of the lost packets until

all packets are received correctly at each reception node. For relay networks,

the design of reliable transmissions over MMSRNs [115] has received little

attention in the previous literature. Applying conventional ARQ protocols

to MMSRNs may introduce signi�cant packet latency since each packet is re-

transmitted individually. This motivates to design an e�cient ARQ protocol

for MMSRNs to achieve high network throughput e�ciency and reduced re-

transmission packet latency, which, to the best of the author's knowledge, has

not been investigated.

This chapter �rstly considers the retransmission protocol of TWSRNs in-

cluding two end nodes and a relay node. Di�erent ARQ strategies are evaluated

for the comparison between non-NC based schemes and NC-based schemes.

The applicability of traditional ARQ protocols such as SW, GBN and SR is

also discussed in the context of NC-based two-way relay channel. The in-

formation exchange between two end nodes can be divided into two distinct

phases: multiple access (MA) phase when two nodes send their data to the re-

lay, and broadcast (BC) phase when the relay broadcasts the combined packet

to both nodes. The traditional ARQ approaches can be easily applied to the

MA phase because the relay receives signals from end nodes independently.
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In the BC phase, the relay XORs the erroneous packets and broadcasts the

combined packets to both end nodes. In this phase, the NC-based SW ARQ

scheme is �rstly studied as the simplest form of ARQ retransmission. Then, in

order to obtain the bene�ts of NC, two improved schemes, namely NC-based

GBN ARQ and NC-based SR ARQ, are designed and explained in detail. For

comparison purposes, this chapter also analyses the performance of these ARQ

systems for NC-based two-way wireless relay networks in terms of throughput

e�ciency. The simulation results show that improved performance is achieved

with the proposed schemes compared with the traditional non-NC retransmis-

sion schemes. The theoretical analysis is also shown to be consistent with the

numerical throughput e�ciency.

Secondly, as an improved solution to the issues of ARQ for MMSRNs,

this chapter proposes a new ARQ protocol based on NC for MMSRNs. In

this new protocol, the relay detects packets, combines information through

NC, and transmits the lost packets from di�erent sources to the destinations.

Additionally, to achieve an optimal performance, multi-user detection (MUD)

techniques, such as optimum detector, linear decorrelating detector, decision-

feedback detector, successive interference cancellation, etc [111, 116�119], are

employed at the relay and destinations. Thus along with MUD, lost packets

can be combined and retransmitted to achieve an improved ARQ mechanism.

The representation of lost packets in MMSRNs may be categorised into

two classi�cation types: Type-I - packets that are successfully received at the

relay but lost at the destinations, and Type-II - packets that are lost at both

the relay and destinations. Retransmission of Type-II packets is undertaken

by the source, but the issue of how the relay retransmits Type-I packets with

the lowest number of retransmissions requires to be addressed. To solve this

retransmission problem, a relay algorithm and also a source algorithm are pro-

posed to enable retransmission of Type-I and Type-II packets, respectively. As

an example of the protocol implementation, a two source, relay, two destina-

tion con�guration is considered. Speci�cally, for this scenario, the proposed

algorithm employed for retransmission at the relay is based on a combination
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of NC and packet detection from the two di�erent sources.

A further contribution of this chapter involves a performance comparison

between the proposed NC-based ARQ protocol and other ARQ protocols for

MMSRNs. The other protocols considered are the direct transmission (DT)1

and the relaying transmission (RT)2 protocols. The performance comparison is

achieved through deriving principally the complex analytical expressions of the

transmission bandwidth for the new NC-based ARQ protocol and comparing

it with the general analytical formulations for the other two protocols. The

chapter also extends the analytical performance analysis to include channel

fading for the situations when the sources and destinations are located near

to, or distant, from the relay. In these scenarios, the links from the sources

to the relay, or the links from the relay to the destinations are line-of-sight

(LOS) transmissions (close by, Rician fading), or non-line-of-sight (NLOS)

transmissions (distant, Rayleigh fading). Accordingly, the considered fading

channels are modelled as a mix of both Rayleigh and Rician fading, or are

both Rayleigh or Rician fading. It is shown through appropriate analytical and

simulation examples, that the proposed ARQ protocol when applied to a two-

source two-destination single-relay network, signi�cantly reduces the number

of retransmissions for all fading situations and when compared with the DT

and RT protocols.

The rest of the chapter is organized as follows: Section 2.2 describes var-

ious ARQ strategies of TWSRNs, derives the throughput e�ciency for each

ARQ retransmission scheme, and presents the numerical results; Section 2.3

describes di�erent retransmission protocols of MMSRNs, derives the transmis-

sion bandwidths, and presents the numerical evaluation results; Section 2.4

concludes the chapter.

1The DT protocol refers to the model in which multiple sources simultaneously transmit

information to the destinations without using the relaying technique.
2The RT protocol refers to the model in which the relay participates in the transmission

but NC is not employed at the relay.
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2.2 ARQ Strategies for Two-Way Single-Relay

Networks

1 2 1 2

(a) (b)

Figure 2.1: Two-way relay channel: (a) MA phase and (b) BC phase.

This section considers a topology with two terminal nodes Ti, i = 1, 2, and

one relay node R as shown in Fig. 2.1. The exchange of information between

T1 and T2 is assisted by applying the conventional NC at R with the assump-

tion that T1 cannot communicate directly with T2. The nodes are assumed to

operate in half-duplex mode, i.e. they cannot transmit and receive simultane-

ously. In NC-based two-way relay networks, the data exchange consists of two

consecutive phases: MA phase and BC phase.

First, in the MA phase, T1 and T2 send their own packets to R until the

packets are received successfully (at R). When R detects errors in a packet

using error-detecting code (e.g. parity check or cyclic redundancy check), R

requests the corresponding node to retransmit the erroneous packet. In real-

ity, several ARQ retransmission mechanisms were developed for lossy channels

such as SW, GBN and SR. The choice of an ARQ scheme depends on the

deployment scenario and application. In order to apply NC, the relay has to

wait until it receives two correct packets from both nodes T1 and T2. Without

loss of generality, it is assumed that T1 and T2 wish to exchange K packets,

denoted by s1[i] and s2[i], i = 0, ..., K − 1, respectively. Two-way relay com-

munications using NC is illustrated in Fig. 2.2. When R receives and decodes

two packets from T1 and T2 successfully and separately, it forms a new packet

r[i] by XORing the bits of the received packets3, i.e.

r[i] = s1[i]⊕ s2[i], i = 0, ..., K − 1, (2.1)

3The packets received at R are assumed to be perfectly synchronised and scheduled.
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Figure 2.2: Two-way relay channel with NC.

where ⊕ denotes the XOR operator.

Then, in the BC phase, the packets r[i], i = 0, ..., K − 1, are broadcast

to both terminal nodes. Assuming successful transmissions in the BC phase,

each node extracts its interested packets by XORing r[i] with its own packets,

i.e.

ŝ2[i] = r[i]⊕ s1[i], i = 0, ..., K − 1, (2.2)

ŝ1[i] = r[i]⊕ s2[i], i = 0, ..., K − 1. (2.3)

When a packet is found to contain errors or is lost at Ti, R is forced to

resend the packet. Suppose r[0] and r[2] are erroneously detected at T1 and

T2, respectively. The packet number is assumed to be known at all nodes.

Without NC, the relay retransmits r[0] to T1 and r[2] to T2, one after the

other. Thus, the number of retransmissions forR is two. With NC-based ARQ,

R broadcasts a new packet r[0] ⊕ r[2]. As a result, it reduces the number of

retransmissions to one. The above example demonstrates how NC can increase

the bandwidth e�ciency. Suppose that the packets with a crossthrough are
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Figure 2.3: BC phase with: (a) Memoryless ARQ, (b) typical ARQ, (c) NC-

based ARQ and (d) improved NC-based ARQ.

lost or erroneous. For the comparison of di�erent ARQ protocols with or

without NC which can be applied to the BC phase, an example is considered

as illustrated in Fig. 2.3 where the lost or erroneous packet is denoted with a

crossthrough and four di�erent ARQ schemes are as follows:

• Memoryless ARQ : As shown in Fig. 2.3(a), this is the simplest scheme

where the relay merely retransmits the combined packet until it receives

acknowledgements (ACKs) from two terminals.

• Typical ARQ : In this scheme, the relay only retransmits the lost packet
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which has not been correctly received in any previous time slot of both

terminals. As illustrated in Fig. 2.3(b), this scheme is better than mem-

oryless ARQ scheme in terms of bandwidth usage in the scenario the

packet is lost in the current time slot, but it was received correctly in

the previous time slot.

• NC-based ARQ : Instead of sending immediately the lost packet, the relay

in this scheme maintains a list of lost packets and waits until K packets

have been received. After that, the relay forms new packets by XOR-

ing the lost packets from two terminals and broadcasts these combined

packets. Based on the correctly decoded packet, the terminal can recover

the lost packet by XORing this correct packet with the XOR packet. If

the combined packet is lost, it will be retransmitted until two termi-

nals receive this packet with no error. Fig. 2.3(c) shows an example of

this scheme. The lost packets of T1 and T2 are {r[0], r[4], r[6], r[7]} and

{r[1], r[2], r[6]}, respectively. In the retransmission phase, the combined

packets for retransmission are r[0]⊕r[1], r[2]⊕r[4], r[6] and r[7]. Hence,

only 4 packets need to be retransmitted, compared to 5 retransmissions

without NC.

• Improved NC-based ARQ : A dynamic change of the combined packets

based on the correctly received packets at the terminals is considered

to improve the throughput e�ciency of NC-based ARQ scheme due to

the retransmission of the same combined packets. Consider Fig. 2.3(d)

with the same lost packets as Fig. 2.3(c) for NC-based retransmission.

Suppose that the combined packets r[0]⊕r[1] and r[2]⊕r[4] are lost at T1

and T2 in the �rst retransmission, respectively. Thus, T1 and T2 cannot

recover packet r[0] and r[2], respectively. Instead of retransmitting these

two lost combined packets as undertaken by the NC-based ARQ scheme,

R transmits only r[0]⊕ r[2], i.e. 1 retransmission is reduced.

Theoretically, the above ARQ protocols can be applied in the BC phase.

However, the latency in the transmission should be considered in practice. In
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what follows, di�erent practical ARQ retransmission mechanisms in the BC

phase are described in the context of NC.

2.2.1 Scheme A - NC Based Stop-and-Wait ARQ

This is the simplest form of ARQ retransmission strategies. The relay sends

one XOR packet at a time and waits for ACKs from both terminals. Scheme A

produces a low bandwidth e�ciency since the relay does not send any further

packets within the waiting period.

2.2.2 Scheme B - Improved NC Based Go-Back-N ARQ

In this scheme, R maintains a window of N packets (window size) that can be

sent continuously without receiving ACKs from T1 and T2. With traditional

GBN ARQ, the nodes only accept packets in transmission order. If a packet is

erroneous at Ti, Ti will send a non-acknowledgement (NACK) signal to R and

reject all subsequent packets until the missing packet is received. However, in

order to get the bene�t of NC, an improved NC-based GBN ARQ scheme is de-

veloped, where a window is required at both T1 and T2. The idea of this window

design for both terminals means that if a packet is erroneous at Ti, Ti will try

to receive further packets from R until it receives a second erroneous packet.

When the second error happens, Ti rejects all subsequent packets. Upon receiv-

ing NACKs from T1 and/or T2, the relay creates new packets by XORing the

erroneous packets and broadcasts these XOR packets. The operation of an NC-

Based GBN ARQ is illustrated in Fig. 2.4(a) with a window size of 8 packets.

In this example, suppose the packets {r[1], r[3], r[6], r[7]} and {r[2], r[5], r[6]}

are not successfully decoded at T1 and T2, respectively. At �rst, T1 receives

packet r[1] with error, but T2 receives this packet with no error. Next, T1

successfully receives r[2] and saves this in its bu�er. Since T1 receives r[3] with

error, it ignores all the subsequent packets. At T2, it receives erroneous r[2].

It also tries to receive r[3] and r[4]. After that, it ignores all following packets

received from R since r[5] has error. Thus, in the retransmission phase, the
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Figure 2.4: BC phase with: (a) Improved NC-based GBN ARQ and (b) im-

proved NC-based SR ARQ.

sequence of retransmitted packets is {a = r[1]⊕ r[2], r[3], r[4], r[5], ...}.

2.2.3 Scheme C - Improved NC Based Selective Repeat

ARQ

The relay in scheme B re-sends multiple packets when errors or losses occur.

Thus, it shows a poor e�ciency performance, especially when the packet error
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rate (PER) is small. In NC-based SR ARQ, R continues to send a number

of packets in its window even after a packet loss. Each node maintains a

receive window of sequence numbers that can be accepted. Only the corrupted

packets are retransmitted. Then, the relay continues the transmission sequence

where it left o� instead of repeating any subsequent correctly received packets.

The operation of this scheme is demonstrated in Fig. 2.4(b) by examining a

speci�c example. Similarly, as before, the packets {r[1], r[3], r[6], r[7]} and

{r[2], r[5], r[6]} are assumed to be corrupted at T1 and T2, respectively. The

window size of all nodes is 8 packets. After the relay empties its window, it

re-sends packets {a = r[1]⊕ r[2], b = r[3]⊕ r[5], r[6], r[7], r[9], r[10], ...}.

2.2.4 Throughput E�ciency Analysis

This subsection studies the throughput e�ciency of NC-based two-way relay

systems over several ARQ retransmission protocols where throughput e�ciency

η is de�ned as the ratio of the total number of data bits to the average number

of actual transmitted bits for successful reception.

Scheme A

In the MA phase, the number of transmissions that successfully delivers a

packet to the relay R from the terminal Ti, i = 1, 2, follows a geometric

distribution with parameter 1 − Pri , where Pri is de�ned as the PER of the

link Ti → R. Here, Pri is calculated by

Pri = 1− (1− pri)
N , (2.4)

where pri denotes the bit error rate (BER) of the link Ti → R and N is the

number of bits in a packet. Thus, the normalised number of transmissions for

the MA phase is computed as

nMA
i =

1

1− Pri

. (2.5)

De�neRti as the transmission rate in bits-per-second (bps) of each terminal.

The required time to transmit one packet of N bits from terminal Ti toR using
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SW ARQ is given by

tMA
pi

=
N

Rti

+ 2(tprop + temis), (2.6)

where tprop [seconds] and temis [seconds] are de�ned as propagation and emis-

sion delay, respectively, of the transmission from Ti to R. Thus, the required

transmission time of terminal Ti is

tMA
ri

= tMA
pi

nMA
i . (2.7)

In order to apply NC, the relay should wait until it receives successfully

data from both terminals, i.e. after max{tMA
r1

, tMA
r2

}. Therefore, the number of

bits received at R is

NR = max{Rt1t
MA
r1

, Rt2t
MA
r2

}. (2.8)

In the BC phase using scheme A, the number of required transmissions

that both terminals simultaneously receive a packet with no error follows a

geometric distribution with parameter (1− Pt1)(1− Pt2), where Pti is de�ned

as the PER of the link R → Ti and is calculated by

Pti = 1− (1− pti)
N , (2.9)

where pti denotes the BER of the link R → Ti. Thus, the normalised number

of required transmissions to transmit a correct packet from R to both T1 and

T2 is given by

nBC
A =

1

(1− Pt1)(1− Pt2)
. (2.10)

With the SW ARQ protocol, the required time to transmit one packet from

R to Ti, i = 1, 2, is similarly given by

tBC
pA

=
N

Rr

+ 2(tprop + temis), (2.11)

where Rr [bps] is the transmission rate of the relay. Thus, the required trans-

mission time of R is

tBC
rA

= tBC
pA

nBC
A , (2.12)
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and the number of transmitted bits at R is

NT = Rrt
BC
rA

. (2.13)

Therefore, the throughput e�ciency when using SW ARQ in MA phase

and scheme A in BC phase is computed as

ηA =
2M

NR +NT

=
2M

max{Rt1t
MA
p1

nMA
1 , Rt2t

MA
p2

nMA
2 }+RrtBC

pA
nBC
A

=
2M

N max{1+
2(tprop+temis)Rt1

N

1−Pr1
,
1+

2(tprop+temis)Rt2
N

1−Pr2
}+N

1+
2(tprop+temis)Rr

N

(1−Pt1 )(1−Pt2)

,

(2.14)

where M is the number of data bits each terminal wants to exchange.

From now on, (2.14) will be used as a general formula of throughput e�-

ciency for other schemes outlined below. It can be observed that M , Rti , n
MA
i ,

i = 1, 2, and Rr are unchanged. Thus, the analysis is simpli�ed to determine

tMA
pi

, nBC
X , and tBC

pX
depending on the type of ARQ retransmission protocol X,

where X ∈ {A,B,C}, in the BC phase.

Scheme B

In the MA phase, when using GBN ARQ, the average time to transmit one

packet from terminal Ti to R is given by

tMA
pi

=
N (1 + (Ws − 1)Pri)

Rti

, (2.15)

where Ws denotes the window size indicating the range of packets that the

terminal is allowed to transmit.

In the BC phase using improved NC-based ARQ, with su�ciently large

bu�er size, the normalised number of transmissions to transmit a packet to

both terminals can be approximated to the normalised number of transmissions

to transmit a packet to the terminal with larger packet error probability [30].

Thus,

nBC
B =

1

1−max{Pt1 , Pt2}
. (2.16)
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Using GBN ARQ, the average time to transmit one packet from R to Ti,

i = 1, 2, is given by

tBC
pBi

=
N (1 + (Ws − 1)Pti)

Rr

, (2.17)

and the average time to transmit one packet from the relay to both terminals

is

tBC
pB

= max{tBC
pB1

, tBC
pB2

}. (2.18)

Therefore, the throughput e�ciency is computed as

ηB =
2M

N max{1+(Ws−1)Pr1

1−Pr1
,
1+(Ws−1)Pr2

1−Pr2
}+N

1+(Ws−1)max{Pt1 ,Pt2}
1−max{Pt1 ,Pt2}

. (2.19)

Scheme C

In the MA phase, when using SR ARQ, the average time to transmit one

packet from terminal Ti to R is given by

tMA
pi

=
N

Rti

. (2.20)

In the BC phase, with improved NC-based ARQ protocol, nBC
C is similarly

given by (2.16).

Using SR ARQ, the average time tBC
pCi

to transmit one packet from R to Ti,

i = 1, 2, is given by

tBC
pCi

=
N

Rr

, (2.21)

with the average time to transmit one packet from the relay to both terminals

given by

tBC
pC

= tBC
pCi

, i = 1, 2. (2.22)

Therefore, the throughput e�ciency is computed as

ηC =
2M

N max{ 1
1−Pr1

, 1
1−Pr2

}+ N
1−max{Pt1 ,Pt2}

. (2.23)

Remark 2.1. Scheme C achieves the highest throughput e�ciency whilst that

of scheme A is the lowest. For the comparison, it is assumed that

2(tprop + temis)Rt1

N
≈ 2(tprop + temis)Rt2

N

≈ 2(tprop + temis)Rr

N
≈ Ws − 1.
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From (2.14) and (2.19), it can be seen that ηB > ηA since (Ws − 1)Pri <

2(tprop+temis)Rti

N
, i = 1, 2, (Ws − 1)max{Pt1 , Pt2} < Ws − 1 = 2(tprop+temis)Rr

N
, and

1 − max{Pt1 , Pt2} > (1 − Pt1)(1 − Pt2). Similarly, from (2.23) and (2.19), it

can also be observed that ηC > ηB since Ws > 1. Thus,

ηC > ηB > ηA. (2.24)

Remark 2.2. While schemes B and C require a higher computational com-

plexity at the relay node due to NC operation in the retransmission and a bu�er

window of size Ws at all nodes, scheme A is the simplest ARQ strategy with

no computation at the relay and only one packet in the bu�er of all nodes.

Speci�cally, N additional XOR operations are required for each combination

in schemes B and C since each packet includes N bits.

2.2.5 Numerical and Simulation Results

In this subsection, simulation results of throughput e�ciency for di�erent ARQ

schemes in di�erent phases - MA phase, BC phase and the whole system - are

shown in Figs. 2.5, 2.6 and 2.7, respectively. The results are obtained by using

Monte Carlo simulation in MATLAB. The packet size is assumed to be 1024

bits, including 1000 data bits and 24 error checking bits, i.e. N = 1024 and

M = 1000. For simplicity, uncoded signal transmissions are considered4. The

expression [2(tprop + temis)Rti ]/N , i = 1, 2, is assumed to be equal to (Ws− 1).

The maximum number of packets that a terminal is allowed to transmit (i.e.

window size Ws) is set to be 10 packets.

Fig. 2.5 shows the simulation and theoretical results of throughput e�-

ciency as a function of BER in the MA phase with SW, GBN and SR ARQ

retransmission schemes. In this phase, NC is not applied in the retransmis-

sion. The BERs of the MA links from the source to the relay are set to be

equal to each other, i.e. pr1 = pr2 = BER. It can be observed that with the

same parameters in good channel conditions (i.e. low BER), the throughput

4Note that channel coding with hybrid ARQ can be adapted for reliable data packet

transmissions, which would result in di�erent forms of the throughput e�ciency.
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Figure 2.5: Throughput e�ciency of MA phase.

e�ciency of the SR ARQ protocol is always higher than that of the GBN ARQ

protocol. Further, both protocols outperform the SW ARQ protocol. For ex-

ample, when BER = 10−4, the throughput e�ciency achieved with SR, GBN

and SW ARQ protocols are 0.9, 0.45 and 0.1, respectively. Additionally, the

simulation results show that they are consistent with the theoretical analysis.

Fig. 2.6 shows the results of throughput e�ciency in the BC phase of the

proposed schemes and traditional non-NC schemes. For convenience, the BERs

of the two terminal nodes are set to be equal to each other, i.e. pt1 = pt2 = BER.

It can be observed that the throughput e�ciency of the improved NC-based

SR ARQ is higher than that of the improved NC-based GBN ARQ and again

these two protocols outperform the SW ARQ protocol. With NC, the proposed

schemes are shown to be better than the traditional non-NC schemes for all

ARQ retransmission protocols in terms of throughput e�ciency due to the

reduction in the number of retransmissions. For example, when BER = 10−4,

0.02, 0.05 and 0.1 of throughput e�ciency are improved with the proposed

schemes A, B and C, respectively. The simulation and theoretical results again
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Figure 2.6: Throughput e�ciency of BC phase.

prove to be consistently matched.

Fig. 2.7 shows the results of throughput e�ciency when considering the

whole system (i.e. including both MA and BC phases). The observation is

quite similar to the scenario of the BC phase when the retransmission tech-

niques and ARQ protocols in the BC phase are combined with ARQ protocols

in the MA phase. This also con�rms the relationship (2.24) in Remark 2.1.

In summary, through theoretical and simulation results, it can be observed

that higher throughput e�ciency is achieved with improved techniques based

on NC. However, there is a trade-o� between the throughput e�ciency and

the complexity due to the requirement of bu�er size and the NC process.

2.3 ARQ Strategies for Multisource Multidesti-

nation Single-Relay Networks

Consider the MMSRN displayed in Fig. 2.8 where data transmitted from two

sources S1 and S2 to two destinations D1 and D2 is assisted by one relay R.

48



2.3. ARQ Strategies for MMSRNs Chapter 2. NC Based ARQ Retransmission

10
-6

10
-5

10
-4

10
-3

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 Traditional SW - Simulation

 Traditional SW - Analytical

 Scheme A - Simulation

 Scheme A - Analytical

 Tradtional GBN - Simulation

 Traditional GBN - Analytical

 Scheme B - Simulation

 Scheme B - Analytical

 Traditional SR - Simulation

 Traditional SR - Analytical

 Scheme C - Simulation

 Scheme C - Analytical

T
h

ro
u

g
h

p
u

t 
e

ff
ic

ie
n

c
y

BER

Figure 2.7: Throughput e�ciency of two-way relay network considering both

MA and BC phase.

Increasing the number of sources and destinations to the model is straight-

forward. The sources are able to send data packets which must be received

without error after a number of transmissions and retransmissions. It is also as-

sumed that the channel link A → B (where A ∈ {S1,S2,R}, B ∈ {R,D1,D2},

A ̸= B) is characterised by either Rayleigh or Rician �at fading with a channel

gain of hAB.

R receives data packets from S1 and S2 in addition to feedback from D1 and

D2, thus R has knowledge of the destinations still waiting for retransmission

of lost packets. R then decides how to combine and forward the data to

the intended destinations. The purpose of any retransmission protocol is to

facilitate R in resending the lost packets to D1 and D2.

The three retransmission protocols considered for MMSRNs will now be

described.

49



2.3. ARQ Strategies for MMSRNs Chapter 2. NC Based ARQ Retransmission

1

2

1

2

Figure 2.8: Multisource multidestination single-relay network model.

2.3.1 DT Protocol

In the DT protocol, S1 and S2 transmit data directly to D1 and D2. The

transmission employs ARQ and is completed when both D1 and D2 receive

correctly the data packets from both S1 and S2.

2.3.2 RT Protocol

The RT protocol di�ers from the DT protocol because R now participates in

the transmission process. When Dj, j = 1, 2, does not receive a packet from Si,

i = 1, 2, but R successfully receives the packet, R can assist Si by forwarding

the correctly received packet to Dj in the next transmission time slot. Using

ARQ, retransmissions at R continue until the transmitted packet is correctly

received by Dj. If Dj and R do not receive the same packet from Si, then Si

resends the lost packet.

2.3.3 NC-based Protocol

Rather than resending the lost packet when Dj, j = 1, 2, fails to receive it, the

retransmission in the proposed NC-based ARQ protocol will retransmit after

N received packets. A bu�er length of N packets is necessary at Si, i = 1, 2,

whilst bu�ers of size 2N are required at R and Dj since packets are received

from two di�erent sources. To improve network throughput, R retransmits
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Figure 2.9: Retransmission packets with RT and the new NC-based ARQ

protocol.

packets of Type-I, and Si organises retransmission of Type-II packets. The

distinctiveness and novelty in the proposed ARQ protocol is that R can mix

information from packets received through the two network data �ows.

The following packet transmission example outlines the principles of the

protocol (see Fig. 2.9). Si delivers N = 10 packets {si[1], si[2], . . . , si[10]}

to both D1 and D2. In Fig. 2.9, the packets which are crossed through are

considered lost or erroneously received packets. For data �ow from S1, consider

the received packets in error at R, D1 and D2 as {s1[4], s1[6], s1[9]}, {s1[1],

s1[2], s1[4], s1[8]} and {s1[3], s1[5], s1[7], s1[9], s1[10]}, respectively. Similarly,

assume that the received packets which are in error at R, D1 and D2 arriving

from S2 are {s2[2], s2[3], s2[5], s2[7]}, {s2[3], s2[6], s2[7], s2[9], s2[10]} and

{s2[1], s2[2], s2[5], s2[8]}, respectively.

As shown in Fig. 2.9, R will retransmit 12 packets using the RT protocol.

For packets lost at R and also lost at D1 and/or D2, i.e. {s1[4], s1[9], s2[2],
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s2[3], s2[5], s2[7]}, S1 and S2 will retransmit {s1[4], s1[9]} and {s2[2], s2[3],

s2[5], s2[7]}, respectively. In total 18 retransmissions are required for the RT

protocol.

Now compare the NC-based ARQ protocol. In this case, a signi�cant re-

duction in retransmission of lost packets is possible. For example, packets

{s1[1], s2[1], s1[2], s1[3], s1[5], s2[6], s1[7], s1[8], s2[8], s2[9], s1[10], s2[10]} are

classed as Type-I packets and {s1[4], s1[9], s2[2], s2[3], s2[5], s2[7]} are Type-II

packets. In this scheme, to improve network throughput, in the retransmission

phase, R forwards {s1[1] ⊕ s2[1], s1[2] ⊕ s1[3], s1[5] ⊕ s2[6], s1[7] ⊕ s1[8],

s2[8] ⊕ s2[9], s1[10] ⊕ s2[10]}, whilst, S1 and S2 retransmit {s1[4] ⊕ s1[9]} and

{s2[2] ⊕ s2[3], s2[5] ⊕ s2[7]}, respectively, where ⊕ denotes the bitwise XOR

operator.

In total, the proposed NC-based ARQ scheme requires only 9 retransmis-

sions, compared to 18 when deploying the RT scheme. R, S1 and S2 will

retransmit these 9 packets until all are successfully received at both D1 and

D2. The lost packets at Dj, j = 1, 2, may be recovered through the stan-

dard method of XORing the correctly received packets located at Dj with the

XORed packets received from either R or Si.

The generalization of the above example for an arbitrary bu�er size is

summarized in Fig. 2.10. A summary of the NC combination algorithms at R

and Si, i = 1, 2, are described in Tables 2.1 and 2.2, respectively.

2.3.4 Transmission Bandwidth Analysis

In this subsection, the transmission bandwidth5 of the three protocols discussed

above is derived for the scenarios of mixed Rayleigh and Rician �at fading

channels for the MMSRNs as described in Fig. 2.8.

When a channel is a�ected by fading, the signal yAB received at any node

B when transmitted from any node A, where {A,B} ∈ {S1,S2,R,D1,D2},
5Transmission bandwidth is de�ned as the normalised number of transmissions to suc-

cessfully transmit two packets from two sources to two destinations.
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Figure 2.10: Block diagram of proposed protocol.

A ̸= B, can be expressed through

yAB =
√
ΓABhABxAB + nAB, (2.25)

where ΓAB describes the long-term fading (i.e. path loss and shadowing) within

the transmission link A → B, hAB is the fading channel, xAB is the binary

phase shift keying (BPSK) modulated signal of the transmitted packet, and

nAB is the channel noise. This noise can be considered as an independent

circularly symmetric complex Gaussian (CSCG) noise vector with each entry

having zero mean and noise variance denoted by N0. For the situation where
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Table 2.1: Combination algorithm at R to retransmit Type-I packets

1. Let G1 and G2 denote the ordered sets of correctly received packets at

R transmitted from S1 and S2, respectively:

G1 = {s1[i1], s1[i2], . . . , s1[im]}, where i1 < i2 < · · · < im ∈ {1, 2, . . . , N},

G2 = {s2[j1], s2[j2], . . . , s2[jn]}, where j1 < j2 < · · · < jn ∈ {1, 2, . . . , N}.

De�ne Ω = G1 ∪G2 and divide Ω into 3 groups as follows:

- Group Ω1 includes packets that R receives successfully from both S1 and

S2.

- Group Ω2 includes packets that R receives successfully from S1 but fails

to receive from S2.

- Group Ω3 includes packets that R receives successfully from S2 but fails

to receive from S1.

2. For packets in Ω1, if one packet is received correctly at D1 but lost at D2,

while another packet is received correctly at D2 but lost at D1, these two

packets can be combined. Start from left to right in the group of packets in

Ω1, and choose the suitable XOR combination of packets.

3. For packets in Ω2 and Ω3, similarly if one packet is received correctly at

D1 but lost at D2, while another packet is received correctly at D2 but lost

at D1, these two packets can be combined.

4. For the remaining lost packets at D1 and D2 that R receives successfully

but cannot perform the combination, these are normally resent without

using NC.

Rayleigh fading is considered, the BER of the signal transmission through link

A → B is expressed by [120]

P
(Rayleigh)
b (EAB) =

1

2

(
1−

√
γAB

1 + γAB

)
, (2.26)

where γAB is the average signal-to-noise ratio (SNR) de�ned through γAB =

ΓAB/N0.

For the case of Rician fading channels with Rician fading parameter KAB,
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Table 2.2: Combination algorithm at Si to retransmit Type-II packets

1. Through feedback from D1, D2 and R, Si determines the number and

the position of the remaining lost packets at destinations that R also fails

to receive the packets.

2. Combine the packets for retransmission by NC with the condition that

only one packet in the combined packet should be received correctly by only

one destination, similar to the combination performed for packets in Ω2 and

Ω3 as explained in Table 2.1.

3. For the remaining lost packets at D1 and D2 that Si cannot perform the

combination, these are resent without NC.

the BER of the transmission through link A → B is expressed through [120]

P
(Rician)
b (EAB) =

1

π

ˆ π
2

0

(1 +KAB) sin
2 θ

(1 +KAB) sin
2 θ + γAB

× exp

(
− KABγAB

(1 +KAB) sin
2 θ + γAB

)
dθ.

(2.27)

Thus, for any speci�ed SNR, the packet loss of the transmission link A → B

can be calculated by

PAB = 1− [1− Pb(EAB)]
Nb , (2.28)

where Nb is the number of bits in a packet and Pb(EAB) is denoted either by

Eq. (2.26) or (2.27) depending on the fading channel model adopted.

The transmission bandwidth will now be evaluated for each of the three

protocols.

DT Protocol

When R is omitted from the network and NC not considered, the DT protocol

transmission bandwidth, nDT , may be expressed by

nDT = max{n(S1)
DT , n

(S2)
DT }, (2.29)
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where n
(Si)
DT , i = 1, 2, denotes the transmission bandwidth required for Si to

send a packet to both D1 and D2, and is easily evaluated as

n
(Si)
DT =

1

1− PSiD1

+
1

1− PSiD2

− 1

1− PSiD1PSiD2

. (2.30)

RT Protocol

Including R in the network and still omitting NC, transmission bandwidth for

successfully transmitting two packets from S1 and S2 to Di, i = 1, 2, is given

by

n
(Di)
RT =

1

1− PS1RPS2RPS1Di
PS2Di

[1 + PS1RPS1Di
(1− PS2Di

)n
(S1,Di)
RT

+ PS2R(1− PS1Di
)PS2Di

n
(S2,Di)
RT

+ (1− PS1R)PS1Di
(1− PS2Di

)nRDi

+ (1− PS2R)(1− PS1Di
)PS2Di

nRDi

+ 2(1− PS1R)(1− PS2R)PS1Di
PS2Di

nRDi

+ (1− PS1R)PS2RPS1Di
PS2Di

(nRDi
+ n

(S2,Di)
RT )

+ PS1R(1− PS2R)PS1Di
PS2Di

(nRDi
+ n

(S1,Di)
RT )],

(2.31)

where nRDi
and n

(Si,Dj)
RT denote the transmission bandwidths of a packet from

R to Di and from Si to Dj with the assistance of R, respectively. Thus, nRDi

and n
(Si,Dj)
RT may be computed respectively through

nRDi
=

1

1− PRDi

, (2.32)

n
(Si,Dj)
RT =

1 + PRDj
+ PSiDj

(1− PSiR)

(1− PSiRPSiDj
)(1− PRDj

)
. (2.33)

The transmission bandwidth of the RT protocol is therefore given by

nRT = max{n(D1)
RT , n

(D2)
RT }. (2.34)

Proposed NC Based Protocol

In the proposed NC-based protocol, R combines lost packets from the two

di�erent packet �ows. Since a total of 2N packets are transmitted from S1
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and S2, the transmission bandwidth nNC is expressed as

nNC =
n(1) + n(2) + n(3)

2N
, (2.35)

where n(i), i = 1, 2, 3, denotes the transmission bandwidth in the i-th step of

the proposed protocol. These steps include the following:

• Step 1. Both S1 and S2 transmit N packets.

• Step 2. R retransmits Type-I packets.

• Step 3. S1 and/or S2 retransmit Type-II packets.

It is obvious that n(1) = 2N . Following the proposed algorithms in Tables

2.1 and 2.2 for the retransmissions at R and Si, i = 1, 2, n(2) and n(3) can be

computed by

n(2) =
N∑
k=0

{CN
k PN−k

S1R (1− PS1R)
kPN−k

S2R (1− PS2R)
kE[n(2)|K = k]

+
N−k∑
l=0

{CN−k
l PN−k−l

S1R (1−PS1R)
lP l

S2R(1−PS2R)
N−k−lE[n(2)|L = l]

+
N−k−l∑
m=0

{CN−k−l
m Pm

S1R(1− PS1R)
N−k−l−m

× PN−k−l−m
S2R (1− PS2R)

mE[n(2)|M = m]}}},

(2.36)

n(3) =
N∑
k=0

{CN
k PN−k

S1R (1− PS1R)
kPN−k

S2R (1− PS2R)
kE[n(3)|K = k]

+
N−k∑
l=0

{CN−k
l PN−k−l

S1R (1−PS1R)
lP l

S2R(1−PS2R)
N−k−lE[n(3)|L = l]

+
N−k−l∑
m=0

{CN−k−l
m Pm

S1R(1− PS1R)
N−k−l−m

× PN−k−l−m
S2R (1− PS2R)

mE[n(3)|M = m]}}},

(2.37)

where E[.] denotes the expectation value and CN
k = N !/k!/(N − k)! repre-

sents the total number of subsets consisting of k elements in a set of N ele-

ments. Here, K, L and M denote three random variables used to represent

the numbers of packets that R successfully receives in groups Ω1, Ω2 and Ω3,

respectively.
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Given that K = k packets are received successfully at R in Ω1, the average

number of transmissions at R based on the proposed algorithm (i.e. algorithm

in Table 2.1) in the second step can be computed through

E[n(2)|K=k]=
k∑

i=0

k∑
j=0

k∑
u=0

k∑
v=0

Ck
i P

i
S1D1

(1−PS1D1)
k−iCk

j P
j
S2D1

(1−PS2D1)
k−j

× Ck
uP

u
S1D2

(1− PS1D2)
k−uCk

vP
v
S2D2

(1− PS2D2)
k−v

× [min{i+ j, u+ v}n(R)
DT + |(i+ j)− (u+ v)|nRDa ],

(2.38)

where n
(R)
DT is the transmission bandwidth required at R to send a packet to

both D1 and D2, and nRDa is given by (2.32) with a = 1 if i + j > u + v and

a = 2 otherwise. Here, n
(R)
DT can be similarly obtained as (2.30), i.e.

n
(R)
DT =

1

1− PRD1

+
1

1− PRD2

− 1

1− PRD1PRD2

. (2.39)

For packets in groups Ω2 and Ω3 within the second step of the retransmission

at R, the average number of transmissions may be calculated by

E[n(2)|L = l] =
l∑

i=0

l∑
j=0

C l
iP

i
S1D1

(1− PS1D1)
l−iC l

jP
j
S1D2

(1− PS1D2)
l−j

× [min{i, j}n(R)
DT + |i− j|nRDa ],

(2.40)

E[n(2)|M = m] =
m∑
i=0

m∑
j=0

Cm
i P i

S2D1
(1−PS2D1)

m−iCm
j P j

S2D2
(1−PS2D2)

m−j

× [min{i, j}n(R)
DT + |i− j|nRDa ],

(2.41)

where a = 1 if i > j and a = 2 otherwise.

In the third step where R fails to receive packets of the �rst group in the

�rst step, S1 and S2 are required to retransmit the remaining lost packets with

the average number of transmissions given by

E[n(3)|K = k] =
N−k∑
i=0

N−k∑
j=0

N−k∑
u=0

N−k∑
v=0

CN−k
i P i

S1D1
(1− PS1D1)

N−k−i

× CN−k
j P j

S2D1
(1− PS2D1)

N−k−j

× CN−k
u P u

S1D2
(1− PS1D2)

N−k−u

× CN−k
v P v

S2D2
(1− PS2D2)

N−k−v

× [min{i+ j, u+ v}nRT + |(i+ j)− (u+ v)|n(Da)
RT ],

(2.42)
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where a = 1 if i + j > u + v and a = 2 otherwise. For the second group and

the third group in the third step, the average numbers of transmissions are

computed, respectively, through

E[n(3)|L = l] =
N−k−l∑
i=0

N−k−l∑
j=0

CN−k−l
i P i

S1D1
(1− PS1D1)

N−k−l−i

× CN−k−l
j P i

S1D2
(1− PS1D2)

N−k−l−j

× [min{i, j}n(S1)
RT + |i− j|n(S1,Da)

RT ],

(2.43)

E[n(3)|M=m]=
N−k−l−m∑

i=0

N−k−l−m∑
j=0

CN−k−l−m
i P i

S2D1
(1−PS2D1)

N−k−l−m−i

× CN−k−l−m
j P j

S2D2
(1− PS2D2)

N−k−l−m−j

× [min{i, j}n(S2)
RT +|i−j|n(S2,Da)

RT ],

(2.44)

where a = 1 if i > j and a = 2 otherwise. In (2.43) and (2.44), n
(Si)
RT , i = 1, 2,

denotes the normalised number of transmissions to transmit packets from Si

to both D1 and D2 through R and can be computed by

n
(Si)
RT =

1

1− PSiRPSiD1PSiD2

[1 + PSiRPSiD1(1− PSiD2)n
(Si,D1)
RT

+ PSiR(1−PSiD1)PSiD2n
(Si,D2)
RT + (1−PSiR)PSiD1(1−PSiD2)nRD1

+ (1−PSiR)(1−PSiD1)PSiD2nRD2 + (1−PSiR)PSiD1PSiD2n
(R)
DT ].

(2.45)

2.3.5 Numerical and Simulation Results

In this subsection, the transmission bandwidths of the di�erent protocols are

evaluated both from the analytical formulations above and also simulation

models over mixed Rayleigh and Rician �at fading channels. The simulation

results are obtained in MATLAB based on Monte Carlo methods. Rayleigh

�at fading channels are considered NLOS transmissions re�ecting more distant

locations, whilst Rician �at fading channels are considered LOS transmissions

representing closer proximities. Four scenarios representing typical fading sit-

uations are now considered.
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Figure 2.11: Transmission bandwidth of di�erent protocols over Rayleigh fad-

ing channels with various SNRS1R.

Scenario (a): Si → R and R → Di, i = 1, 2, are both NLOS

In this case the channels Si → R and R → Di, i = 1, 2, are both Rayleigh

fading channels, i.e. KSiR = KSR = 0 and KRDi
= KRD = 0. The range of γS1R

was selected to cover 0 to 20 dB in order to characterise the performance over

a wide range of SNR conditions. Fig. 2.11 shows the transmission bandwidth

of the three ARQ protocols as a function of γS1R, i.e. the SNR of the wireless

link S1 → R.

In order to evaluate the in�uence on the transmission bandwidth per-

formance of the channels between the sources and relay, it is initially as-

sumed that γS1R = γS2R. The other channel SNRs may be arbitrarily set

to γS1D1 = γS2D2 = 5 dB, γS1D2 = γS2D1 = 0 dB and γRD1 = γRD2 = 10

dB. It is also assumed that the packet size (i.e. Nb) is 10 bits and the bu�er

length at the sources (i.e. N) is 10 packets. Fig. 2.11 demonstrates that the

proposed NC-based ARQ protocol outperforms the other two ARQ schemes

as it is capable of combining the lost packets from di�erent transmission �ows

within the retransmission phase. It may also be observed that the proposed
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NC scheme shows signi�cant transmission bandwidth gain over the other ARQ

methods. For example, when SNRS1R = 10 dB, the proposed protocol achieves

a transmission bandwidth of 1.7 while a higher transmission bandwidth of 2.9

and 5.2 is required for the DT and RT protocols, respectively. For packets

in the Ω1 grouping, the proposed scheme signi�cantly reduces the number of

retransmissions simply through the process of mixing packets from the two dif-

ferent �ows. Importantly, the simulation results match exactly the analytical

results demonstrating the validity of the derived analytical expressions.

Scenario (b): Si → R, i = 1, 2, is LOS and R → Di, i = 1, 2, is NLOS
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Figure 2.12: Transmission bandwidth of di�erent protocols over Rician fading

channels Si → R and Rayleigh fading channels R → Di, i = 1, 2, as a function

of SNRS1R.

For this situation, Si → R, i = 1, 2, is considered as a Rician channel and

R → Di, i = 1, 2, as a Rayleigh channel. Fig. 2.12 provides an example of the

transmission bandwidth performance for all three protocols as a function of

γS1R. The fading parameters for the results in Fig. 2.12 are KSiR = KSR = 9

and KRDi
= KRD = 0. The SNRs of the other links are set similar to those in
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Fig. 2.11.
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Figure 2.13: Transmission bandwidth of di�erent protocols over Rician fading

channels Si → R and Rayleigh fading channels R → Di, i = 1, 2, with various

K factors as a function of SNRS1R.

As the performance of the DT protocol is clearly not as good as the other

two protocols, a further comparison speci�cally between the RT protocol and

the proposed NC protocol for scenario (b) is shown in Fig. 2.13 for the situa-

tions of KSR = {0, 9, 25} and KRD = 0.

Scenario (c): Si → R, i = 1, 2, is NLOS and R → Di, i = 1, 2, is LOS

In a similar fashion, Si → R, i = 1, 2, is considered now as a Rayleigh fading

channel and R → Di, i = 1, 2, as a Rician fading channel. Fig. 2.14 provides

an example of the transmission bandwidth performance for all three protocols

again as a function of γS1R. The K factors for Fig. 2.14 are the same as scenario

(b), i.e. KSiR = KSR = 0 and KRDi
= KRD = 9. The comparison between

the RT and the proposed NC-based protocol for scenario (c) with the same K

factors used in Fig. 2.13 can be similarly considered. The additional results

show that they are identical, and thus they are omitted for brevity.
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Figure 2.14: Transmission bandwidth of di�erent protocols over Rayleigh fad-

ing channels Si → R and Rician fading channels R → Di, i = 1, 2, as a

function of SNRS1R.

In scenarios (b) and (c), the results again demonstrate that the proposed

NC-based ARQ protocol achieves better transmission bandwidth performance

when compared with other two schemes for both scenarios of mixed fading

channel models. Again, the analytical results in all Figs. are shown to match

precisely with the simulation results. It can also be observed that the trans-

mission bandwidth curves show reduced transmission bandwidth performance

as KSR increases. For example, as shown in Fig. 2.14, at SNRS1R = 10 dB, the

transmission bandwidth achieved with our proposed scheme is 1.8, 1.75 and

1.5 corresponding to KSR = 0, 9, 25, respectively. This can be explained as the

in�uence of the LOS component on the BER gain through all ranges of SNR,

which accordingly results in the reduction of the transmission bandwidth.

Scenario (d): Si → R and R → Di, i = 1, 2, are both LOS

The �nal scenario is a general scenario where all fading channels Si → R

and R → Di, i = 1, 2, are characterised by Rician fading alone. Fig. 2.15
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Figure 2.15: Transmission bandwidth of di�erent protocols over Rician fading

channels Si → R and Rician fading channels R → Di, i = 1, 2, with various

K factors as a function of SNRS1R.

shows the comparison of transmission bandwidths speci�cally between the RT

protocol and the proposed NC-based ARQ protocol against γS1R with respect

to various K factor fading values and with the same assumptions of SNR values

as in Fig. 2.11.

Speci�cally, in Fig. 2.15, three cases {KSR = 9,KRD = 9}, {KSR =

9,KRD = 25} and {KSR = 25,KRD = 25} have been considered. Similarly, it

can be observed that a reduced transmission bandwidth performance is always

achieved when either KSR or KRD increases. This again re�ects the in�uence

of the LOS components on the BER gain which is helpful in reducing the

transmission bandwidth. It is important to note that at small SNR levels the

proposed scheme has a much increased performance over the other protocols.

As the SNR increases, the improvement in the new protocol is still evident,

though as expected, the improvement is smaller due to the improved SNR.
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2.4 Conclusions

This chapter has �rst designed ARQ retransmission strategies for NC based

TWSRNs. Di�erent retransmission techniques with three basic ARQ protocols

have been studied through the comparison of throughput e�ciency. It was

found that the best strategy in the sense of throughput e�ciency is the scheme

where the improved NC-based SR ARQ is applied in the BC phase and the

SR ARQ protocol is used in the MA phase. With this combination, better

throughput e�ciency is obtained when compared with the traditional non-NC

schemes. However, this is achieved at the expense of higher complexity due to

additional signal processing required for NC and the requirement of bu�ering

at the transmitter/receiver.

As a second contribution of this chapter, a new improved and reliable re-

transmission scheme for MMSRNs based on NC has been proposed. It has

been shown that the new protocol signi�cantly reduces the number of re-

transmissions. The performance of the proposed retransmission scheme was

investigated for the speci�c case with two sources and two destinations. It

was shown to be superior in terms of transmission bandwidth improvement

when compared with RT and DT protocols even over mixed Rayleigh and Ri-

cian �at fading channels. Speci�cally, two packet-combination algorithms have

been developed to retransmit lost packets. The e�ciency of retransmission is

improved since the algorithms are able to di�erentiate between di�erent types

of retransmission situations. Further, simulation results of the transmission

bandwidth for RT and DT protocols over di�erent Rician and Rayleigh fading

factors have validated the theoretically derived analytical expressions. This

indicates that any evaluation assessment of transmission bandwidth for the

topology presented in this chapter can be determined accurately without the

requirement of a simulation model.
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Chapter 3

NC Based CQI Reporting

This chapter considers channel quality indicator (CQI) reporting for data ex-

change in two-way multi-relay networks. Two new e�cient CQI reporting

schemes are �rst proposed based on network coding (NC) via XOR computa-

tion and superposition coding. These NC-based schemes allow two terminals

to simultaneously estimate the CQI of the distant terminal-relay link without

incurring additional overhead. In addition, it is shown for the new schemes

that the transmission time for CQI feedback at the relays is reduced by half

while the increase in complexity and the loss of performance are negligible.

This results in a system throughput improvement of 16.7% with the proposed

CQI reporting. Upper and lower bounds of the mean square error (MSE) of

the estimated CQI are also derived to study the performance behaviour. It is

found that the MSE of the estimated CQI increases proportionally with the

square of the cardinality of CQI level sets, though an increased number of

CQI levels would eventually lead to a higher data-rate transmission. Based on

the derived bounds, a low-complexity relay selection (RS) scheme is then pro-

posed. Simulation results show that, in comparison with optimal methods, the

suboptimal bound-based RS scheme achieves satisfactory performance while

reducing the complexity by at least a factor of three for large numbers of relays.
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3.1 Introduction

In a network coding (NC) based two-way single-relay network (TWSRN), the

relay node mixes the signals received from two terminal nodes before broad-

casting it. From this combined signal, each terminal node can extract the data

sent by the other terminal node using network decoding mechanisms. In real-

time applications, e.g. in wireless ad-hoc or sensor networks, strict complexity

and time delay constraints are generally required, especially when there are

multiple intermediate relay nodes. This stimulates to consider a nonregenera-

tive two-way multi-relay network (TWMRN) model that includes two terminal

nodes and multiple relay nodes. Under a nonregenerative protocol, the relay

nodes simply combine the received data signal and forward this combined sig-

nal to both terminal nodes.

In general, channel state information (CSI) available at the transmitter is

helpful for a number of designs including optimal beamforming and adaptive

modulation and coding (AMC) schemes. In nonregenerative TWMRNs, CSI

is required for the detection of the data sent by the other terminal node when

NC is used at the relay [29, 121]. There are several approaches to make CSI

available at each terminal node. Pilot-based channel estimation can be utilised

to obtain the CSI under the assumption of ideal feedback [122] or even without

feedback [123]. However, the latter case is carried out under the assumption

that the channel does not change over two time slots. In the case of this

assumption being not satis�ed, practical CSI feedback mechanisms may have

to be sought. While ideal feedback is practically di�cult, common mechanisms

for CSI feedback are via channel quality indicator (CQI) reporting [124, 125],

in which CQI is a discrete representation of the CSI.

Most of the recent work investigating CQI reporting or feedback in one-

way relay networks have considered only some applications such as adap-

tive non-orthogonal cooperation [126], user selection with multiple destination

nodes [127], adaptive resource scheduling in multihop orthogonal frequency-

division multiple access (OFDMA) systems [125] and adaptive utilisation of
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time-varying channels [128]. Extending these CQI feedback schemes to TWS-

RNs obviously results in doubling the signaling overhead and requiring two

time slots at each relay node to forward these overheads to both terminal

nodes.

In this chapter, an e�cient CQI reporting scheme is proposed for TWM-

RNs so as to reduce the number of transmissions at the relays and to avoid the

additional overhead. The idea of the proposed scheme is originated from an

NC concept and can be summarized by the following steps: i) each terminal

node and relay send pilot signals to each other to estimate the link quality

of associated channels (i.e. signal-to-noise ratio (SNR)); ii) each relay node

combines the estimated CQIs of the two terminal-relay channels using either

bitwise XOR or symbol-level superposition coding; iii) the relay node then

broadcasts the combined signal to both terminal nodes; and iv) based on the

received combined signal, two terminal nodes can simultaneously estimate the

CQI of the distant links. With the proposed CQI reporting scheme, the CQIs

of the terminal-relay channel are conveyed to the other terminal at no addi-

tional cost in terms of bandwidth or energy. It can be seen that N signalling

overheads and N transmission time slots are reduced for an N -relay network

when compared with the conventional schemes, which accordingly results in

a system throughput improvement of 16.7%. Although the advantages of the

proposed CQI reporting scheme are considerable, the major novelty of this

chapter is the analysis of the mean square error (MSE) of the estimated CQI

and the subsequently proposed bound-based relay selection scheme. This is

summarised as follows:

• The upper and lower bounds of the mean square error (MSE) of the esti-

mated CQI over a Rayleigh �at fading channel are derived. To the best of

the author's knowledge, these bounds have not been derived previously.

The tight bounds re�ect well the behaviour of the numerical MSE. It is

found that while the MSE of the estimated CQI increases proportionally

with the square of the number of CQI levels, a higher data rate could

be achieved with an increased number of CQI levels by using various

68



3.1. Introduction Chapter 3. NC Based CQI Reporting

AMC schemes. It is also shown that the loss of performance and the

increase of complexity of the proposed scheme are negligible compared

with conventional CQI reporting schemes.

• A complexity-reduced relay selection scheme is proposed based on the de-

rived MSE bounds. Since the data exchange between two terminals in

TWMRNs can be assisted by all available relay nodes, relay selection

(RS) should be considered. In particular, an opportunistic RS scheme

has been generally investigated, where the best relay is chosen based on

a speci�c selection criterion, e.g. minimising the sum of bit error rates

(BERs) or maximizing the sum-rate [27]. It is observed that RS can

also be simply realized by maximizing the sum of channel gains of both

terminal users. However, this work considers a system where CQI is re-

quired at the transmitter and therefore CQI reporting is an important

performance metric for the system. This motivates to design an e�cient

RS scheme based on the previously determined MSE of the estimated

CQI at the two terminals, where the best relay is chosen such that the

sum of the MSE (sum-MSE) of the estimated CQI is minimised. The

RS is carried out by a scheduler of a coordinator node in a centralized

manner [129,130], i.e. each relay informs the coordinator of its sum-MSE

through a speci�c feedback channel and then the coordinator selects the

best relay based on this information. The optimal RS scheme requires

a full search of available relays, which results in high complexity. This

motivates to propose a suboptimal bound-based RS scheme where the

searching process will stop whenever the maximum of MSE (max-MSE)

is smaller than the upper bound. The resulting complexity is reduced

by a factor of at least three compared with the optimal RS scheme if

the number of relays is su�ciently large while its performance is still

satisfactory.

The rest of the chapter is organized as follows: Section 3.2 describes the

proposed CQI reporting schemes, related algorithms and complexity analysis.

69



3.2. Proposed CQI Reporting Scheme Chapter 3. NC Based CQI Reporting

Section 3.3 provides the analysis of the MSE of the estimated CQI. Then,

di�erent opportunistic RS schemes are proposed and analysed in Section 3.4.

Numerical results are discussed in Section 3.5, and Section 3.6 concludes the

chapter.

3.2 Proposed CQI Reporting Scheme

1

1

2

2

N

.

.

.

Figure 3.1: System model of two-way multi-relay network.

The system model of a general TWMRN under investigation is shown in

Fig. 3.1 where the data exchange between two terminals T1 and T2 is assisted by

a group of N relays R(N) = {R1,R2, . . . ,RN}. The channel quality reporting

at these relays is assumed to be concurrently carried out. For convenience, the

channel quality reporting for branch T1 −R1 −T2 is considered only. Let hAB

denote the channel coe�cient of the A → B link where A,B ∈ {T1, T2,R1}.

The following assumptions are made: i) there is no direct link between the

terminal nodes due to power limit in each node; ii) time division duplex (TDD)

signalling is employed in the considered system; iii) the channel in each link

is reciprocal, i.e. hTiR1 = hR1Ti = hi, i = 1, 2; iv) the channel in each link is

Rayleigh �at fading; and v) pilot signals are used to initially estimate the link

quality of all channels (i.e. instantaneous SNR at the receiver) (see [122, 123]

for more details).

It is noteworthy that for various signal processing mechanisms in TWSRNs

such as data detection or adaptive modulation [29], each terminal node Ti
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requires the channel quality information of not only its associated link Ti−R1

but also that of the distant link Tj−R1, j ̸= i. In order to reduce the amount of

feedback information, the value of channel quality, SNR, should be quantized

into a �nite bit sequence called CQI with di�erent levels. The CQI reporting

in TWSRNs can be divided into two phases as follows: In the �rst phase,

Ti, i = 1, 2, and R1 transmit pilot signals to each other to estimate the CQI of

the associated link Ti−R1 in two time slots. In the second phase, R1 helps Ti

estimate the CQI of the distant link Tj−R1, j = 1, 2, j ̸= i, which is not directly

available at Ti. It can be observed that the CQI estimation in the �rst phase

can straightforwardly follow conventional pilot-based approaches. This chapter

therefore focuses on the CQI reporting in the second phase. Conventionally,

the doubling of signaling overhead should be required at R1 to consecutively

forward the CQIs of the links T1−R1 and T2−R1 to T2 and T1, respectively, in

two time slots. This considerably reduces the network throughput. Therefore,

a new e�cient CQI reporting scheme is proposed based on NC to eliminate

the additional overhead as well as reduce the number of time slots by half. By

using NC,R1 can combine the estimated CQIs of two links T1−R1 and T2−R1

before broadcasting it to allow each terminal Ti to simultaneously estimate the

CQI of the distant link Tj −R1 (j ̸= i).

Let γi and ρi denote the SNR and CQI, respectively, of link hi, i = 1, 2.

Assume that ρi ∈ Ci where Ci is the set of all possible CQI levels of link hi.

Let Qi denote the cardinality of Ci. Thus, it requires Li = ⌈log2 Qi⌉ bits to

represent a ρi level, where ⌈.⌉ denotes the ceiling function of a real number.

The lists of ρ1 and ρ2 levels are assumed to be available at R1, T1 and T2.

Practically, there are multiple ways to map SNR to CQI [131,132]. One of the

common ways is that CQI can be approximated by a linear function of SNR

as follows

ρi = ⌈aγi[dB] + b⌉, (3.1)

where a and b are constants and γi [dB] is calculated as the power ratio between

the signal and the background noise over a complex baseband channel. Assume

that the range of SNR for CQI mapping is from 0 to γmdB [dB], where γmdB
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is positive and measured in dB. Following the above approach, the range [0 :

γmdB] is divided into Qi levels (1, 2, . . . , Qi) by setting a = Qi/γmdB and b = 0.

As a result, ρi can be obtained as

ρi =

⌈
Qi

γmdB

γi[dB]

⌉
=

⌈
10Qi log10 γi

γmdB

⌉
. (3.2)

Let ρi,T and ρi,R denote the estimated values of ρi at Ti and R1, respec-

tively, in the �rst phase. It can be seen that ρi,T , ρi,R ∈ Ci. The proposed

CQI reporting scheme is carried out in the second phase. R1 combines two

estimated CQIs, i.e. ρ1,R and ρ2,R, using either a bit-level XOR operation or

symbol-level superposition as follows:

Scheme A � Bit-level XOR

The bit sequences of ρ1,R and ρ2,R are XORed together as

b(A) , bρ1,R ⊕ bρ2,R , (3.3)

where ⊕ denotes the bitwise XOR operator and bρi,R , i = 1, 2, denotes the

bit-level format of ρi,R. It is noticed that the terms within XOR operations

in (3.3) must have the same length. Thus, zero-padding is used to match the

length of CQIs, i.e. the length of b(A) is max{L1, L2} , Lm.

Scheme B � Symbol-level superposition

The bit sequences bρ1,R and bρ2,R are encoded into baseband signal sequences

b′
ρ1,R and b′

ρ2,R , respectively. Then, they are superimposed together as

b(B) =
√
θρ1b

′
ρ1,R +

√
θρ2b

′
ρ2,R , (3.4)

where θρ1 and θρ2 are power allocation coe�cients such that θρ1 + θρ2 = 1 and

optimised as in [101].

For the CQI estimation at T1 and T2, R then broadcasts b(M), M ∈ {A,B},

to T1 and T2. The received signal at Ti, i = 1, 2, can be written by

y
(M)
i =

√
Phix

(M) + ni, (3.5)
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where P is the transmission power of R, x(M) is the modulated version of b(M),

and ni is the white Gaussian noise vector with each entry having zero mean

and variance of σ2
i .

At Ti, i = 1, 2, the question is how to estimate ρj,R, j ̸= i of the distant

link Tj −R1. Based on the estimated CQI of the link Ti −R1 at Ti (i.e. ρi,T )

in the �rst phase, Ti can create a list of all possible NC-based combinations of

ρi,T and ρj using either scheme A or B as follows

Scheme A

b′(A)
ρj

= bρi,T ⊕ bρj , (3.6)

where bρi,T , bρj and b
′(A)
ρj denote the bit-level formats of ρi,T , ρj and the NC-

based combination of ρi,T and ρj using the XOR operation, respectively.

Scheme B

b′(B)
ρj

=
√

θρib
′
ρi,T +

√
θρjb

′
ρj , (3.7)

where b′
ρi,T , b

′
ρj and b

′(B)
ρj denote the encoded baseband signal sequences of

bρi,T , bρj and the NC-based combination of ρi,T and ρj using superposition

coding, respectively.

Note that ρj ∈ Cj and therefore there are Qj possible candidates of bρj .

Ti then compares the received signal y
(M)
i , M ∈ {A,B} given in (3.5) with

all possible b′
ρj
's in order to choose the matched bρj . Correspondingly, the

matched ρj ∈ Cj can be found. This matched ρj is the estimated value of

ρj,R, which is denoted by ρ̂j,R. It can be observed that �nding ρ̂j,R can be

carried out by using an exhaustive search method, where the correlation-based

decision is based on the received signal y
(M)
i and the NC-based combination

sample b
′(M)
ρj . This correlation-based decision is represented by the following

correlation value:

ϑ(M)
ρj

=
Lm∑
l=1

y
(M)
i [l]

x
(M)
ρj [l]

|x(M)
ρj [l]|2

, (3.8)
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where x
(M)
ρj denotes the modulated version of b

′(M)
ρj . Here, y

(M)
i [l] and x

(M)
ρj [l]

denote the l-th element of vectors y
(M)
i and x

(M)
ρj , respectively.

Theorem 3.1. ϑ
(M)
ρj is almost surely upper bounded by (

√
PhiLm+

√
LmσiNρj)

when ρi,R = ρi,T and ρj = ρj,R, where Nρj is an independent complex-valued

random number.

Proof. From (3.5), (3.8) can be rewritten as

ϑρj =
√
Phi

Lm∑
l=1

x[l]
xρj [l]

|xρj [l]|2
+

Lm∑
l=1

ni[l]
xρj [l]

|xρj [l]|2
. (3.9)

The �rst term in (3.9) can be expressed by [133]

√
Phi

Lm∑
l=1

x[l]
xρj [l]

|xρj [l]|2
=


√
PhiLm, if ρi,R = ρi,T and ρj = ρj,R,

√
Phi

(√
Lm

2
ω1 +

√
−Lm

2
ω2

)
, otherwise,

(3.10)

where ω1 and ω2 are independent Gaussian random numbers with zero mean

and unit variance. Additionally, the second term in (3.9) can be expressed as

Lm∑
l=1

ni[l]
xρj [l]

|xρj [l]|2
=
√

LmσiNρj , (3.11)

where Nρj is an independent complex-valued random number [133]. Thus,

(3.9) can be written as

ϑρj =


√
PhiLm +

√
LmσiNρj , if ρi,R = ρi,T and ρj = ρj,R,

√
Phi

(√
Lm

2
ω1 +

√
−Lm

2
ω2

)
+
√
LmσiNρj , otherwise.

(3.12)

It can be seen that
(√

Lm

2
ω1 +

√
−Lm

2
ω2

)
is almost surely smaller than Lm

when Lm > 2. Therefore, it can be concluded that ϑρj is almost surely upper

bounded by (
√
PhiLm +

√
LmσiNρj) when ρi,R = ρi,T and ρj = ρj,R.

In Theorem 3.1, two conditions to maximize ϑ
(M)
ρj mean that the estimated

ρi and ρj at R1 in the �rst phase should be equal to the estimated ρi in the

�rst phase and the required ρj in the second phase at Ti, respectively. Thus,

the estimated value of ρj,R in the second phase is chosen from Cj to maximize

ϑ
(M)
ρj , i.e.

ρ̂j,R = arg max
ρj∈Cj

ϑ(M)
ρj

. (3.13)
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Note that the estimation of ρ2,R at T1 and the estimation of ρ1,R at T2 are

carried out simultaneously.

Remark 3.1 (Imperfect CQI Estimation). The required condition ρi,R = ρi,T

in order to maximize ϑ
(M)
ρj causes a loss in the performance of the proposed

scheme when compared with the conventional scheme6 in terms of the MSE

of the estimated ρj,R at Ti. This condition may not be achieved due to the

imperfect estimation of ρi at R1 and Ti. Thus, the overall performance of

the proposed CQI reporting scheme depends on that of the pilot-based CQI

estimation in the �rst phase.

Remark 3.2 (Higher Reliability in Asymmetric Broadcast Channel with Scheme

B). Scheme B would be preferable if an asymmetric broadcast channel is con-

sidered, e.g. the SNR of R → Ti link is much higher than the SNR of R → Tj,

j ̸= i, link. In this case, the reliability of the estimation of ρi at Tj is sig-

ni�cantly reduced while the estimation of ρj at Ti can be carried out with an

insigni�cant error. However, using scheme B, the estimation of ρi at Tj can

be improved with an increased θρi and a reduced θρj . Note that the loss in

the performance of the estimation of ρj at Ti caused by the reduced θρj is not

signi�cant since the R → Ti link is of high quality.

Remark 3.3 (Throughput Improvement). It can be seen that the proposed CQI

reporting scheme for the one-relay system needs �ve transmissions of �ve sig-

nalling overheads while the traditional scheme requires six transmissions. This

means that one transmission and one overhead are reduced with the proposed

scheme for the one-relay system. Extending to N -relay networks, N transmis-

sion time slots and N signalling overheads are reduced. In general, a system

throughput improvement of 16.7% is obtained from the proposed design.

Remark 3.4 (Complexity). For complexity analysis, the proposed scheme is

compared with the conventional scheme. First, the complexity of the exhaus-

tive search for ρ̂j,R at Ti, i = 1, 2, j ̸= i is discussed. Second, the computation

6The conventional scheme is referred to as a scheme where R sequentially transmits ρi,R

and ρj,R to Tj and Ti, respectively, in two separate time slots.
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complexity at R1 and Ti is studied. For the �rst comparison, the complexity is

measured by the number of searches to �nd the desired CQI. In the proposed

scheme, at Ti, ρj is chosen in Cj to maximize the correlation value ϑρj given

by (3.8). Thus, Qj searches are required. In the conventional scheme where an

exhaustive search is also used, the same number of searches is required at Ti to

�nd the desired ρj. However, the proposed scheme has a slightly higher compu-

tation complexity compared to the conventional scheme. The XOR operation is

required for the generation of b in (3.3). Thus, the complexity at R1 in the pro-

posed scheme increases by Lm XOR operations. At Ti, the di�erence between

the proposed scheme and the conventional scheme is the generation of b′
ρj
de-

�ned in (3.6). The XOR operation in (3.6) results in Lm more computations

at Ti. Similarly, Lm more computations are required at Tj. If letting LT denote

the total number of computations in the whole system using the conventional

scheme, then the proposed scheme would require (LT + 3Lm) computations.

However, it can be seen that LT ≫ Lm, and thus this increase in complexity of

the proposed scheme is insigni�cant.

3.3 Analysis of MSE of Estimated CQI

This section derives the MSE expression of the estimated CQI of scheme B.

The MSE analysis of scheme A can be similarly carried out. For simplicity,

this section studies the CQI estimation at T2 only. The analysis of the CQI

estimation at T1 can be similarly obtained. The estimation error occurs if the

estimated ρ1,R at T2 in the second phase (i.e. ρ̂1,R) is di�erent from the value

of ρ1 estimated at R in the �rst phase (i.e. ρ1,R). Thus, the MSE of the

estimated CQI can be computed by

MSE = E
{
[ρ1,R − ρ̂1,R]

2} , (3.14)

where E {.} denotes the expectation.

As it is di�cult to derive ρ̂1,R and ρ1,R for any arbitrary characteristics of

two links T1 → R1 and R1 → T2 simultaneously, it is observed to be still useful
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to understand the behaviour of the MSE in (3.14) in an asymptotic case and

gain some insights from it. Thus, for simple analysis, it is assumed that the

link T1 → R1 is at a high SNR7, i.e. γ1[dB] = γmdB, and thus from (3.2), ρ1,R

can be approximated by Q1.

Now ρ̂1,R is derived. From (3.5), the SNR γ2 of R1 → T2 link can be

expressed as

γ2 =
PRθρ1 |h2|2

σ2
2

. (3.15)

Note that, in the second phase, x in (3.5) is constructed by both ρ1,R and ρ2,R.

It is assumed that ρ2,R ≈ ρ2,T in the �rst phase. Since ρ2,T is known at T2, it

can be removed from the received signal. Thus, it can be approximated that

γ2 determines the mapping of ρ1,R, i.e.

ρ̂1,R ≈
⌈
10 log10(γ2)

γmdB/Q1

⌉
. (3.16)

Substituting (3.16) into (3.14) with the assumption that the T1 → R1 link is

at a high SNR, then (3.14) can be approximated as

MSE ≈ E

{(
Q1 −

⌈
10 log10(γ2)

γmdB/Q1

⌉)2
}
. (3.17)

Let α = e−γm/γ̄, β = e−1/γ̄, γm = 10γmdB/10, Q′
1 = 10Q1/(γmdBln10),

Q′′
1 = Q1 − Q′

1lnθρ1 where γ̄ is average SNR, lnx is the natural logarithm

of x, Ei(·) is the exponential integral, and Gm,n
p,q

(
a1,...,ap
b1,...,bq

|z
)
is the Meijer G

function [134]. The following theorem can be then derived:

Theorem 3.2. The MSE given by (3.17) is upper-bounded and lower-bounded

by MSEu and MSEl, respectively, where

MSEu = λ1 + λ2A+ λ3B, (3.18)

MSEl = λ′
1 + λ′

2A+ λ3B, (3.19)

and

λ1 = (Q′′
1 −Q′

1lnγ̄)
2(β − α), λ2 = −2Q′

1(Q
′′
1 −Q′

1lnγ̄), λ3 = Q′2
1 ,

7This assumption of high SNR is for analysis purpose only. The proposed CQI reporting

algorithm is actually for a general case and valid for any SNR value of the uplink.
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λ′
1 = (Q′′

1 − 1−Q′
1lnγ̄)

2(β − α), λ′
2 = −2Q′

1(Q
′′
1 − 1−Q′

1lnγ̄),

A = βln(−lnβ)− αln(−lnα) + Ei(lnα)− Ei(lnβ),

B = βln2(−lnβ)− αln2(−lnα)

− 2ln(−lnα)G2,0
1,2

(
1
0,0| − lnα

)
+ 2ln(−lnβ)G2,0

1,2

(
1
0,0| − lnβ

)
− 2G3,0

2,3

(
1,1
0,0,0| − lnα

)
+ 2G3,0

2,3

(
1,1
0,0,0| − lnβ

)
.

Proof. It is noticed that ⌈x⌉ > x ∀x. Thus,

Q1 >
⌈
10 log10(γ2)

γmdB/Q1

⌉
> 10 log10(γ2)

γmdB/Q1

> 0. (3.20)

Applying the inequality in (3.20) to (3.17), the MSE has an upper bound

given by

MSEu = E

{(
Q1 −

10 log10(γ2)

γmdB/Q1

)2
}
. (3.21)

Denote Q′
1 = 10Q1/(γmdBln10), Q

′′
1 = Q1 − Q′

1lnθρ1 , where lnx is the natural

logarithm of x, and denote γ = γ2. (3.21) can then be rewritten as

MSEu = E
{
(Q′′

1 −Q′
1lnγ)

2
}
. (3.22)

This expectation can be computed by

MSEu =

γmˆ

1

(Q′′
1 −Q′

1lnγ)
2
fγ(γ)dγ, (3.23)

where γm = 10γmdB/10 and f(.) is the probability density function (pdf) of a

random variable. Since the fading channel R1 → T2 is Rayleigh �at fading,

fγ(γ) is given by [120]

fγ(γ) =
1

γ̄
exp

(
−γ

γ̄

)
, (3.24)

where γ̄ is the average SNR. Thus,

MSEu =

γmˆ

1

(Q′′
1 −Q′

1lnγ)
2 1

γ̄
exp

(
−γ

γ̄

)
dγ. (3.25)

Let t = exp (−γ/γ̄), α = e−γm/γ̄ and β = e−1/γ̄, then (3.25) can be expressed

as

MSEu =

βˆ

α

[(Q′′
1−Q′

1lnγ̄)
2−2Q′

1(Q
′′
1−Q′

1lnγ̄)ln(−lnt)+Q′2
1 ln

2(−lnt)]dt

= λ1 + λ2A+ λ3B,

(3.26)
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where

λ1 = (Q′′
1 −Q′

1lnγ̄)
2(β − α), (3.27)

λ2 = −2Q′
1(Q

′′
1 −Q′

1lnγ̄), (3.28)

λ3 = Q′2
1 , (3.29)

A =

βˆ

α

ln(−lnt)dt, (3.30)

B =

βˆ

α

ln2(−lnt)dt. (3.31)

The derivation of MSEu is simpli�ed to the integral calculus evaluation of A

and B. From [134] and some simple algebraic manipulation, A and B can be

determined through

A = βln(−lnβ)− αln(−lnα) + Ei(lnα)− Ei(lnβ), (3.32)

B = βln2(−lnβ)− αln2(−lnα)

− 2ln(−lnα)G2,0
1,2

(
1
0,0| − lnα

)
+ 2ln(−lnβ)G2,0

1,2

(
1
0,0| − lnβ

)
− 2G3,0

2,3

(
1,1
0,0,0| − lnα

)
+ 2G3,0

2,3

(
1,1
0,0,0| − lnβ

)
,

(3.33)

respectively, where Ei(.) is the exponential integral and Gm,n
p,q

(
a1,...,ap
b1,...,bq

|z
)
is the

Meijer G function.

Another important inequality related to the ceiling function is that ⌈x⌉ <

x+ 1 ∀x. Thus,

0 6
⌈
10 log10(γ2)

γmdB/Q1

⌉
<

10 log10(γ2)

γmdB/Q1

+ 1. (3.34)

The lower bound of the MSE is then given by

MSEl = E

{(
Q1 − 1− 10 log10(γ2)

γmdB/Q1

)2
}
. (3.35)

It is observed that the expression of MSEl has the same form as MSEu in

(3.21). Thus, MSEl can be calculated by

MSEl = λ′
1 + λ′

2A+ λ3B, (3.36)
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where

λ′
1 = (Q′′

1 − 1−Q′
1lnγ̄)

2(β − α), (3.37)

λ′
2 = −2Q′

1(Q
′′
1 − 1−Q′

1lnγ̄). (3.38)

Corollary 3.1. MSE bounds in (3.18) and (3.19) increase as a function of

Q2
1.

Proof. From Theorem 3.2, λ1, λ2, λ
′
1, λ

′
2 and λ3 depend on Q1, whereas A and

B are independent of Q1. Here, λ1, λ2 and λ3 can be rewritten as

λ1 = Q2
1

(
1− 10lnθρ1

γmdBln10
− 10lnγ̄

γmdBln10

)2

(β − α),

λ2 = Q2
1

−20

γmdBln10

(
1− 10lnθρ1

γmdBln10
− 10lnγ̄

γmdBln10

)
,

λ3 = Q2
1

(
10

γmdBln10

)2

.

Thus, MSEu can be rewritten as

MSEu = Q2
1

[(
1− 10lnθρ1

γmdBln10
− 10lnγ̄

γmdBln10

)2

(β − α)

+
−20

γmdBln10

(
1− 10lnθρ1

γmdBln10
− 10lnγ̄

γmdBln10

)
A+

(
10

γmdBln10

)2

B

]
.

(3.39)

It is observed that if we change Q1 and �x the other parameters, MSEu is a

function of Q2
1, i.e.

MSEu = ζQ2
1, (3.40)

where ζ is a non-negative constant since MSEu > 0.

Considering MSEl, λ
′
1 and λ′

2 can be written as

λ′
1 = Q2

1

(
1− 1/Q1 −

10lnθρ1
γmdBln10

− 10lnγ̄

γmdBln10

)2

(β − α),

λ′
2 = Q2

1

−20

γmdBln10

(
1− 1/Q1 −

10lnθρ1
γmdBln10

− 10lnγ̄

γmdBln10

)
.

When Q1 is large, the term 1/Q1 can be omitted. Thus, MSEl can also be

written by

MSEl = ζ ′Q2
1, (3.41)

where ζ ′ is a non-negative constant.
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Remark 3.5 (Impact of Q1). Although increasing the number of CQI levels

(i.e. Q1) would provide a more precise representation of channel quality and

add more �exibility to the implementation of various adaptive schemes, from

Corollary 3.1 it can be observed that the performance of the CQI reporting

scheme is signi�cantly reduced with Q1. Thus, a trade-o� between performance

of CQI reporting and performance of data transmission should be considered

when choosing Q1.

3.4 Opportunistic CQI Based Relay Selection

In Section 3.2, the proposed CQI reporting scheme was considered for each

relay node. This section will consider all the relays and therefore this requires

an e�cient RS mechanism. Particularly, based on the estimated CQIs at the

relays and two terminals, di�erent RS schemes are proposed for TWMRNs

where only one best relay is opportunistically selected by a coordinator in

the network to exchange data between two terminal nodes. Speci�cally, an

optimal RS (ORS) scheme is proposed where the relay is chosen to minimise

the sum-MSE given by

SMSE(n) = MSE1(n) +MSE2(n), (3.42)

where MSEi(n) denotes the MSE of the estimated ρi at Tj, i, j ∈ {1, 2}, i ̸= j,

in a TWSRN using Rn, n ∈ {1, . . . , N}. From the MSE analysis for TWSRNs

in Section 3.3, MSEi(n) is computed by

MSEi(n) ≈ E

{(
Qi−

⌈
10 log10(γj(n))

γmdB/Qi

⌉)2
}
. (3.43)

Thus, the ORS based on the sum-MSE is represented by

n∗ = argmin
n

SMSE(n). (3.44)

However, the computation complexity of this scheme is high. A suboptimal RS

(SRS) scheme is considered based on the max-MSE. In fact, it is well-known

that minimising the sum can be approximated to minimising the maximum.
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Therefore, the relay chosen by SRS scheme may be determined in a centralised

mannner by

n∗
sub = argmin

n
max{MSE1(n),MSE2(n)}. (3.45)

Due to the quantization carried out in the mapping process as explained for

TWSRNs, the upper bound and lower bound of MSE(n∗
sub) can be derived. For

simple analysis, it is assumed that scheme A is applied at each relay, Q1 and

Q2 are equal, and γ1(n) and γ2(n) have the same probability density function.

Let αN = e−2γm/γ̄, βN = e−2/γ̄, Q = Q1 = Q2 and Q′ = 10Q/(γmdBln10). The

following �nding is then obtained:

Theorem 3.3. MSE(n∗
sub) is upper-bounded and lower-bounded by MSEu(n

∗
sub)

and MSEl(n
∗
sub), respectively, where

MSEu(n
∗
sub) = λ1N + λ2NAN + λ3NBN , (3.46)

MSEl(n
∗
sub) = λ′

1N + λ′
2NAN + λ3NBN , (3.47)

and

λ1N =
(
Q−Q′ln

γ̄

2

)2[
(1−αN)

N−(1−βN)
N
]
, λ2N =−2Q′

(
Q−Q′ln

γ̄

2

)
, λ3N =Q′2,

λ′
1N =

(
Q−1−Q′ln

γ̄

2

)2 [
(1−αN)

N−(1−βN)
N
]
, λ′

2N =−2Q′
(
Q−1−Q′ln

γ̄

2

)
,

AN = (−1)N−1

N∑
m=1

(−1)m−1

∏m−1
j=1 (N − j + 1)

(m− 1)!

× {Ei [(N −m+ 1)lnαN ]− Ei [(N −m+ 1)lnβN ]

−αN−m+1
N ln(−lnαN) + βN−m+1

N ln(−lnβN)
}
,

BN = (−1)N
N∑

m=1

(−1)m−1

∏m−1
j=1 (N − j + 1)

(m− 1)!

×
{
αN−m+1
N ln2(−lnαN)− βN−m+1

N ln2(−lnβN)

+ 2ln(−lnαN)G
2,0
1,2

(
1
0,0| − (N −m+ 1)lnβN

)
− 2ln(−lnβN)G

2,0
1,2

(
1
0,0| − (N −m+ 1)lnβN

)
+ 2G3,0

2,3

(
1,1
0,0,0| − (N −m+ 1)lnαN

)
−2G3,0

2,3

(
1,1
0,0,0| − (N −m+ 1)lnβN

)}
.
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Proof. From (3.43), (3.45), and Q1 = Q2, n
∗
sub can be obtained as

n∗
sub = argmax

n
min{γ1(n), γ2(n)}. (3.48)

Denote γ∗ = max γmin(n) where γmin(n) = min{γ1(n), γ2(n)}. MSE(n∗
sub) can

be calculated by

MSE(n∗
sub) ≈ E

{(
Q−

⌈
10 log10 γ

∗

γmdB/Q

⌉)2
}
. (3.49)

Similarly, applying the inequalities (3.20) and (3.34) to (3.49), MSE(n∗
sub) has

an upper bound and a lower bound given by

MSEu(n
∗
sub) = E

{(
Q− 10 log10 γ

∗

γmdB/Q

)2
}
, (3.50)

MSEl(n
∗
sub) = E

{(
Q− 1− 10 log10 γ

∗

γmdB/Q

)2
}
, (3.51)

respectively, where Q = Q1 = Q2. Observing that (3.50) and (3.51) have the

same form, the expression of MSEu(n
∗
sub) will be derived. The derivation for

MSEl(n
∗
sub) can be carried out in a similar fashion.

In order to derive MSEu(n
∗
sub), the pdf of γ

∗ need to be calculated. Note

that γ1(n) and γ2(n) have the same pdf given by (3.24) and cumulative density

function (cdf) given by

Fγ(γ) = 1− exp

(
−γ

γ̄

)
, (3.52)

respectively. Applying order statistics [135], the pdf of γ∗ can be calculated

by

fγ∗(γ) = Nfγmin
(γ)FN−1

γmin
(γ), (3.53)

where

fγmin
(γ) = 2fγ(γ)[1− Fγ(γ)], (3.54)

Fγmin
(γ) = 1− [1− Fγ(γ)]

2, (3.55)

denote the pdf and cdf of γmin, respectively. Thus,

fγ∗(γ) =
2N

γ̄
exp

(
−2γ

γ̄

)[
1− exp

(
−2γ

γ̄

)]N−1

. (3.56)
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From (3.50), MSEu(n
∗
sub) can be computed by

MSEu(n
∗
sub)=

ˆ γm

1

(
Q−10 log10 γ

γmdB/Q

)2
2N

γ̄
exp

(
−2γ
γ̄

)[
1−exp

(
−2γ
γ̄

)]N−1

dγ. (3.57)

Let Q′ = 10Q/(γmdBln10), t = exp(−2γ/γ̄), αN = e−2γm/γ̄ and βN = e−2/γ̄,

(3.57) can be rewritten as

MSEu(n
∗
sub)=N

βNˆ

αN

[(
Q−Q′ln

γ̄

2

)2
−2Q′

(
Q−Q′ln

γ̄

2

)
ln(−lnt)+Q′2ln2(−lnt)

]

× (1− t)N−1dt

= λ1N + λ2NAN + λ3NBN ,

(3.58)

where

λ1N =
(
Q−Q′ln

γ̄

2

)2 [
(1− αN)

N − (1− βN)
N
]
, (3.59)

λ2N = −2Q′
(
Q−Q′ln

γ̄

2

)
, (3.60)

λ3N = Q′2, (3.61)

AN = N

ˆ βN

αN

ln(−lnt)(1− t)N−1dt, (3.62)

BN = N

ˆ βN

αN

ln2(−lnt)(1− t)N−1dt. (3.63)

Solving the two integrals AN and BN with identities in [134] and some simple

algebraic manipulation, AN and BN can be obtained as

AN = (−1)N−1

N∑
m=1

(−1)m−1

∏m−1
j=1 (N − j + 1)

(m− 1)!

× {Ei [(N −m+ 1)lnαN ]− Ei [(N −m+ 1)lnβN ]

−αN−m+1
N ln(−lnαN) + βN−m+1

N ln(−lnβN)
}
,

(3.64)

BN = (−1)N
N∑

m=1

(−1)m−1

∏m−1
j=1 (N − j + 1)

(m− 1)!

×
{
αN−m+1
N ln2(−lnαN)− βN−m+1

N ln2(−lnβN)

+ 2ln(−lnαN)G
2,0
1,2

(
1
0,0| − (N −m+ 1)lnβN

)
− 2ln(−lnβN)G

2,0
1,2

(
1
0,0| − (N −m+ 1)lnβN

)
+ 2G3,0

2,3

(
1,1
0,0,0|−(N−m+ 1)lnαN

)
−2G3,0

2,3

(
1,1
0,0,0|−(N−m+ 1)lnβN

)}
.

(3.65)
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Similarly, MSEl(n
∗
sub) is given by

MSEl(n
∗
sub) = λ′

1N + λ′
2NAN + λ3NBN , (3.66)

where

λ′
1N =

(
Q− 1−Q′ln

γ̄

2

)2 [
(1− αN)

N − (1− βN)
N
]
, (3.67)

λ′
2N = −2Q′

(
Q− 1−Q′ln

γ̄

2

)
. (3.68)

Remark 3.6 (Tighter Bounds with Larger N). The MSE performance of the

SRS scheme converges to zero when the number of relays is large. It can be

seen that λ1N → 0, λ′
1N → 0, AN → 0, and BN → 0 as N → ∞. Thus,

MSEu(n
∗
sub) → 0 and MSEl(n

∗
sub) → 0. Since MSEu(n

∗
sub) > MSE(n∗

sub) >
MSEl(n

∗
sub), it can be deduced that MSE(n∗

sub) → 0 as N → ∞. It can also be

deduced that the bounds are tighter as N increases.

Based on the upper and lower bounds of MSE(n∗
sub) given in Theorem

3.3 and their characteristics discussed in Remark 3.6, a so-called suboptimal

bound-based RS (SBBRS) scheme is proposed to reduce further the complexity

of the searching method in (3.45). Note that if the previously mentioned SRS

scheme (i.e. (3.45)) is used, N relays would be exhaustively veri�ed to choose

the best one to minimise the max-MSE. Instead, the proposed SBBRS scheme

will stop the searching when �nding a relay with max-MSE being smaller than

MSEu(n
∗
sub). As the result, the number of searches is signi�cantly reduced,

especially with larger N (i.e. when MSEu(n
∗
sub) decreases). The complexity

reduction will be shown and further discussed in the simulation results. The

algorithm corresponding to the SBBRS scheme is summarized in Table 3.1.

3.5 Numerical and Simulation Results

This section compares the MSE of the estimated CQI for di�erent schemes

using Monte Carlo simulation in MATLAB.
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Table 3.1: Bound-based relay selection scheme

For n = 1 : N

Calculate max-MSE(n).

If max-MSE(n) 6 MSEu(n
∗
sub)

n∗
bound−based sub = n

max-MSE(n∗
bound−based sub) = max-MSE(n)

Exit For

End If

End For

3.5.1 Performance of CQI reporting in TWSRN

The TWSRNs are �rst considered where the CQI estimation is carried out

at T2. The estimation error occurs if the estimated ρ1,R at T2 (i.e. ρ̂1,R) is

di�erent from ρ1 estimated at R1 (i.e. ρ1,R). For comparison, the conventional

scheme is considered. Using the conventional scheme, ρ1 of the link T1 − R1

is fed back to T2 through one feedback link, and ρ2 is separately fed back to

T1 through another link, which results in double overhead and two time slots.

Using the proposed scheme, combined data broadcast from relay R1 enables

each terminal to estimate the required CQI. This process utilizes only one time

slot and requires no additional overhead.

As shown in Fig. 3.2, the MSE of the estimated ρ1,R of various schemes is

plotted as a function of the SNR of the R1 → T2 link with the assumption

that 8 di�erent CQI levels are used, i.e. Q1 = Q2 = 8. It is also assumed that

the length of pilot sequences used for the CQI estimation in the �rst phase is

8 bits. The range of SNR in CQI mapping is from 0 to 20 dB, i.e. γmdB = 20

dB. The SNRs of the T1 → R1 link and the T2 → R link in the �rst time

slot are assumed to be 20 dB. First, the upper and lower bounds given by

(3.18) and (3.19) are shown to be quite tight and re�ect well the behaviour of

the numerical MSEs. Secondly, it can be observed that the performance of the

proposed scheme is close to that of the conventional scheme, especially at a high

SNR. The expected small loss, as explained in Remark 3.1, occurs because the
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Figure 3.2: MSE of estimated ρ1 at T2 versus SNR ofR1−T2 link with di�erent

relay schemes.
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Figure 3.3: MSE of estimated ρ1 at T2 versus SNR of R1 − T2 link when the

SNRs of T1 −R1 and R1 − T2 links are equal.

perfect condition ρ2,R = ρ2,T in Theorem 3.1 could not be satis�ed in the �rst

phase of the CQI estimation process. Finally, comparing scheme A and scheme

B, it is observed that an improved performance can be achieved with scheme B
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when the SNR ofR → T2 link is less than 10 dB. This con�rms the explanation

in Remark 3.2. Moreover, in order to compare the proposed scheme with the

conventional scheme for various SNR values of the transmission link in the

�rst time slot, investigate the case when the T1 → R1 transmission has the

same SNR as that of the R1 → T2 transmission (see Fig. 3.3). It can be

observed that the performance of the proposed scheme is still close to that

of the conventional scheme, especially when both links are at high SNR. This

observation con�rms the validity of the proposed CQI reporting scheme for

any SNR value of the uplink transmission.
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Figure 3.4: MSE of estimated ρ1 at T2 versus di�erent CQI levels (Q1).

The e�ects of the cardinality of CQI sets are shown in Figs. 3.4, 3.5 and

3.6, where the MSE of the estimated CQI, sum-rate and sum-BER are plotted

against the number of CQI levels (i.e. Q1), respectively. The SNRs of the

links in the second phase, i.e. R1 → T1 and R1 → T2 links, are �xed at 10 dB.

The data transmission over TWSRNs in Figs. 3.5 and 3.6 is carried out using

various adaptive modulation and coding schemes shown in Table 3.2 which are

empirically selected to map the CQI level to MCS level. Speci�cally, in Table

3.2, for simple simulation, 16 modulation and coding scheme (MCS) levels are

selected to map to 16 CQI values using various modulation schemes and coding
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Figure 3.5: Sum-rate versus di�erent CQI levels with adaptive modulation and

coding scheme.
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Figure 3.6: Sum-BER versus di�erent CQI levels with adaptive modulation

and coding scheme.

rates satisfying the number of bits per symbol increases (e.g. from 0.5 to 5.25

bits/symbol). The SNRs in the �rst phase are arbitrarily chosen to be 10 dB or

20 dB. It can be seen in Fig. 3.4 that the MSE of the estimated CQI increases

as a function of Q2
1, e.g. MSE increases by 4 times as Q1 increases by two.
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This is further shown in Fig. 3.6 where data transmission is taken into account.

The sum-BER performance is reduced as Q1 increases. However, the increase

of CQI levels is helpful in adding more �exibility in selecting a precise MCS

level to achieve a higher sum-rate (see Fig. 3.5). These observations con�rm

the discussion in Remark 3.5 about the trade-o� between the performance of

CQI reporting and the performance of data transmission.

Table 3.2: CQI mapping table for 16 MCS levels

CQI value Modulation Coding rate Bits/Symbol

0 BPSK 1/2 0.50

1 BPSK 3/4 0.75

2 QPSK 1/2 1.00

3 QPSK 2/3 1.33

4 QPSK 3/4 1.50

5 QPSK 5/6 1.67

6 QPSK 7/8 1.75

7 16 QAM 1/2 2.00

8 16 QAM 2/3 2.67

9 16 QAM 3/4 3.00

10 16 QAM 5/6 3.33

11 16 QAM 7/8 3.50

12 64 QAM 2/3 4.00

13 64 QAM 3/4 4.50

14 64 QAM 5/6 5.00

15 64 QAM 7/8 5.25
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3.5.2 Performance of CQI reporting and RS in TWMRN
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Figure 3.7: MSE versus number of relays (N) with di�erent relay selection

schemes.

1 2 3 4 5 6 7

0

2

4

6

8

M
S

E

N

 Conventional scheme - SRS 

 Conventional scheme - ORS

 Proposed scheme - SRS

 Proposed scheme - ORS

 Proposed scheme - SBBRS

 Conventional scheme - SRS 

 Conventional scheme - ORS 

 Proposed scheme - SRS

 Proposed scheme - ORS

 Proposed scheme - SBBRS

SNRuplink = 10 dB

SNRuplink = 0 dB

}

}

Figure 3.8: MSE versus number of relays (N) with di�erent relay selection

schemes and di�erent SNR values of uplink transmission.

Next, the TWMRNs are considered, where multiple relays are taken into

account. For RS, the ORS scheme in (3.44), the SRS scheme in (3.45) and
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Figure 3.9: Number of iterations versus number of relays (N) with SRS and

SBBRS schemes.

the proposed SBBRS scheme are used. For CQI estimation, the conventional

scheme is also considered. It is assumed that the number of CQI levels is

16, the length of the pilot sequence is 8, the SNRs of two links from the

relay to both terminals are 4 dB, and the SNRs of the uplink transmissions

from both terminals to the relay are 20 dB. The assumption of the SNRs in

the uplink is to ensure that they are high SNRs, and thus the consistency of

the simulation results with analytical results can be con�rmed for high-SNR

scenarios. As shown in Fig. 3.7, the performance of di�erent RS schemes is

close and converges to zero if the number of relays is large. This observation

con�rms the discussion in Remark 3.6. Furthermore, the e�ects of di�erent

SNR levels in the uplink on the performance of the proposed RS schemes are

investigated. Speci�cally, in Fig. 3.8, the performances of various RS schemes

are plotted against the number of relays with respect to various SNR levels in

the uplink, including low SNR (0 dB) and medium SNR (10 dB). It can be

seen that the performance gap between the proposed schemes and conventional

schemes is larger when N is small but still converges to zero if N is large. This

observation con�rms that the proposed RS schemes work reasonably well with
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di�erent SNR levels in the uplink.

Finally, Fig. 3.9 shows the complexity advantage of the proposed SBBRS

scheme. The number of iterations is signi�cantly reduced compared to that

of the searching algorithm in (3.45), especially when the number of relays in

TWMRNs is large. For example, the complexity is reduced by at least a factor

of three when the number of relays is larger than �ve.

3.6 Conclusions

This chapter has proposed and discussed two e�cient CQI reporting schemes in

nonregenerative TWSRNs based on NC via XOR operation and superposition

coding. These schemes reduce the transmission time by half while incurring

no additional overhead. Signi�cantly, a system throughput enhancement of

16.7% is obtained at the expense of insigni�cant increase of complexity and

negligible performance loss. In addition, the upper and lower bounds of the

MSE of the estimated CQI are derived. The bounds are shown to be quite

tight and re�ect well the behaviour of the numerical MSEs. Furthermore, a

suboptimal CQI-based relay selection scheme has been proposed to reduce the

searching complexity of the optimal schemes. The complexity is signi�cantly

reduced while the performance is close to that of the optimal ones. For future

work, one can investigate the impact of the CQI estimation errors at the relays.
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Chapter 4

NC Based Block ACK and

Cooperative Retransmission

This chapter is concerned with designing, implementing and evaluating new

block acknowledgement (ACK) and retransmission mechanisms in wireless re-

generative multi-relay networks through network coding (NC).

In an N -relay network, a total of (2N+1) block ACK packets is required to

acknowledge the data transmission between source and destination nodes via

the N relay nodes. This chapter �rst proposes a new block ACK scheme based

on NC to signi�cantly reduce the acknowledgement overheads by N block ACK

packets. In addition, this new method achieves a reduction of N(N − 1) com-

putational operations. Particularly, this chapter derives the error probability

of the determination of the packets to be retransmitted at the source and re-

lays, and show that the NC-based scheme also improves the reliability of block

ACK transmissions. Furthermore, asymptotic signal-to-noise (SNR) scenarios

for forward links are considered and a general expression of error probability in

multi-relay networks is derived for each SNR scenario. Simulation results are

presented to verify the analytical �ndings and demonstrate a lower number of

data retransmissions for a higher system throughput using NC.

Conventionally, retransmission in an N -relay network can be realised in a

cooperative manner with the assistance of all available relays. However, this

may result in a high overall power consumption due to the retransmission of the
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same packets across the nodes, especially when the number of relays is large.

In this chapter, a cooperative retransmission (CR) scheme is further proposed

based on relay cooperation and binary XOR operations to signi�cantly reduce

the number of packets retransmitted to produce a more power e�cient system

with non-overlapped (or repeated) retransmissions. Signi�cantly, this chapter

also derives the error probability of retransmission decisions at the source and

relays and show that the proposed CR scheme improves the reliability of the

retransmissions. Furthermore, by deriving the average number of packets to be

retransmitted at the source and relays, it is not only shown that the proposed

CR scheme reduces the number of retransmissions and removes overlapped

retransmitted packets, but also determined the optimised number of relays

used for the retransmission phase. Finally, simulation results are presented to

demonstrate the validity of the analytical expressions.

4.1 Introduction

Positive acknowledgement (ACK) with retransmission is a communications

protocol designed to assure the reliability of data packet transmission over

wireless channels that su�er from fading and background noise. This protocol

requires the receiver to send an ACK packet to the transmitter to con�rm the

successful reception of each data packet. Although the transmission reliability

is improved by using the ACK protocol, overall throughput is signi�cantly

reduced due to frequent transmissions of small-sized ACK packets [136]. To

address this issue, a block ACK mechanism is employed for example in the

IEEE 802.11e standard to reduce the overhead required at each node [137�140].

A block ACK aggregates multiple ACK packets into a single ACK packet

to acknowledge a group of received data packets. This aggregation of block

ACK packets improves the overall throughput by reducing the arbitrary inter-

frame spacing periods, the backo� counter time and the acknowledgement

time. Recently, new medium access control (MAC) amendments based on

package aggregation techniques [141] and block ACK mechanisms [142, 143]

95



4.1. Introduction Chapter 4. NC Based Block ACK & CR

have been proposed for the IEEE 802.11n standard [144] to improve further

the throughput. However, existing block ACK schemes are generally restricted

to one-to-one communications.

In relay-assisted communications (i.e. cooperative communications), the

transmission from source node S to destination node D is assumed to be car-

ried out with the aid of N relay nodes R(N) = {R1,R2, . . . ,RN} in an orthog-

onal decode-and-forward manner, where Rn denotes the nth relay node. While

block ACK mechanisms were originally proposed for one-to-one communica-

tions, using block ACK in wireless relay networks is more complicated because

each relay node in R(N) has to send block ACK packets for links S → R(N)

to S, and D has to send block ACK packets for links R(N) → D to R(N) and

send a block ACK packet for link S → D to S [145,146]. These will result in a

total of (2N +1) block ACK packets. Furthermore, the resulting simultaneous

retransmissions of the same packets at S and R(N) can considerably degrade

the network throughput. To solve this problem, a cooperative retransmission

scheme was proposed in [147], i.e. S only retransmits the corrupted packets

at both R(N) and D, and R(N) helps S retransmit the rest of the corrupted

packets at D. However, the overall throughput of this cooperative network

still su�ers from having to send and process (2N + 1) block ACK packets at

S, R(N) and D.

In general, within relay networks, data transmission from a source node

to a destination node is carried out with the aid of one or multiple relays.

The issue of relay selection (RS) is often considered so that only the �best�

relay is chosen for forwarding packets according to di�erent selection criterion

(e.g. minimizing bit error rate or maximizing throughput) [148�151]. The

employment of block ACK packets in wireless multi-relay networks also leads

to the issue of simultaneous retransmissions of the same packets, that can

considerably degrade the network throughput. To solve this problem, the

retransmissions can be carried out in a cooperative manner [147], referred to as

cooperative retransmission (CR). In the application of CR, the relays can help

the source retransmit the corrupted packets whereas the source retransmits
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only the packets corrupted at all the relays and also the destination.

In multi-relay networks, two relaying and retransmission strategies can be

considered. Firstly, only the �best� relay is chosen for forwarding the data

packets and retransmitting the corrupted packets according to various relay

selection criteria. This is referred to as the best-relaying CR (BCR) scheme in

this chapter. Secondly, multiple relays, rather than just the best relay, can par-

ticipate in the retransmission phase. This group-relaying CR (GCR) scheme

relies on a group of relays which are able to determine and retransmit the

corrupted packets8. However, the overall throughput and power consumption

of the system using the GCR scheme su�er from the problem of sending the

same packets at di�erent relays due to the lack of mutual information shared

between the relays.

This chapter �rst proposes a new block ACK scheme based on network

coding (NC) for wireless regenerative relay networks. The proposed NC-based

block ACK scheme will not only reduce the number of block ACK packets but

also improve the reliability of determination of packets to be retransmitted9.

This NC-based scheme will thus minimize the number of data retransmissions

for an improved system throughput with a lower complexity in comparison

with the non-NC-based block ACK scheme10. The basic idea of the proposed

NC-based scheme is that D combines all the block ACK packets for links

R(N) → D and S → D to create a combined block ACK packet. Thus, the

total number of block ACK packets decreases to (N + 1) through this com-

bination. After this combined block ACK packet is received along with the

block ACK packets for links S → R(N), the question becomes - How can S

and R(N) determine the packets to be retransmitted to D? As it will be shown

8Note that the retransmissions at the relays are assumed to be perfectly synchronised

and scheduled.
9The work in this chapter is limited to the phases of generation and detection of ac-

knowledgement information only. For full MAC protocols, readers are referred to standard

references, e.g. [144].
10The non-NC-based block ACK scheme is referred to as a scheme where R(N) sends N

block ACK packets to S, and D sends (N + 1) block ACK packets to R(N) and S.
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later, with NC, the packets to be retransmitted can be determined by per-

forming simple bitwise XOR and/or AND operations on the received block

ACK packets at S and R(N). The analysis will also show that the reduction

of the number of block ACK packets not only improves the reliability of the

determination of packets to be retransmitted at the source and relay nodes,

but also incurs a lower complexity compared to the non-NC-based block ACK

scheme by a reduction of N(N−1) computational operations. In addition, this

chapter will derive closed-form expressions for the probability of error in the

determination of the packets to be retransmitted at S and R1 over Rayleigh

�at fading channels in a one-relay network. To the best of the author's knowl-

edge, this has not yet been derived in the literature. The error probabilities

are derived with respect to the signal-to-noise ratio (SNR) of the forward and

backward links. The derived closed-form expressions manifest not only the

e�ect of channel links on the determination of packets to be retransmitted but

also the higher reliability of the proposed NC-based block ACK scheme over

the non-NC-based scheme. In order to gain insights into the proposed NC-

based block ACK scheme, this chapter will consider some extreme scenarios

for the forward links at either very low or very high SNRs. For each scenario,

an approximate general expression for the error probability will be derived

for multi-relay networks. Simulations are then presented to verify the advan-

tages of the proposed NC-based block ACK scheme. The simulation results

are shown to be consistent with the numerical results in the three extreme

scenarios and re�ect the improved reliability in the determination of packets

to be retransmitted using the proposed NC-based block ACK scheme com-

pared with the non-NC-based scheme. Furthermore, the higher reliability of

the proposed NC-based block ACK scheme results in a signi�cant reduction

in the average number of data retransmissions at all nodes, which is veri�ed

through the simulation results.

As a second contribution of this chapter, a new GCR scheme is proposed for

wireless regenerative multi-relay networks based on relay cooperation (RC) and

binary XOR operations, namely an XOR and RC-based GCR (i.e. XRGCR)
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scheme. This novel cooperative retransmission mechanism is designed with

the incorporation of two key elements: i) relay cooperation: the acknowledged

information can be shared among the relays to avoid overlapping in retrans-

missions; and ii) XOR operations: the destination combines all acknowledged

information to form one single block ACK packet. This novel design will lead

to a signi�cantly improved throughput, particularly when the number of relay

nodes is large. Using these methods, the smallest number of packets to be

retransmitted will be determined in a cooperative way across both the relays

and the source itself. Additionally, closed-form expressions for the retrans-

mission decision error probability (RDEP) across the source and relays are

derived for Rayleigh �at fading channels. The analysis shows that the XOR

combination helps improve the reliability of the determination of packets to be

retransmitted at the source and the relays, which leads to a reduced number

of overall retransmissions. The average number of packets to be retransmit-

ted (or average number of retransmissions (ANRs)) across the nodes is then

derived, which helps to understand and quantify the level of packet retrans-

mission overlapping in any relaying approach. Importantly, the derived ANRs

motivate to propose two RS schemes for high power e�cient retransmission

by determining the optimised number of relays in the XRGCR scheme. The

�rst RS scheme is identi�ed based on the constraint of frame length (i.e. the

number of data packets in a data frame) and the second scheme is designed

based on the constraint of total power consumption at the relays, respectively.

The rest of this chapter is organized as follows: Section 4.2 presents various

block ACK schemes and provides two examples for one-relay and two-relay

networks to illustrate the di�erence between the non-NC-based block ACK

scheme and the proposed NC-based block ACK scheme. The error probability

in the determination of packets to be retransmitted at S andR is analysed and

numerical results are presented. Section 4.3 discusses details and examples of

various CR schemes, presents the formulation of the mathematical expressions

for RDEP and ANR at both sources and relays. Two RS schemes for the

retransmission are also presented. Numerical and simulation results to validate
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the concepts are also presented. Section 4.4 concludes the chapter.

4.2 Block ACK Schemes

Fig. 4.1 illustrates the system model of a typical two-hop regenerative relay

network. The data transmission from source node S to destination node D is

accomplished by a two-hop protocol with the assistance of a group of N relays

R(N) = {R1,R2, . . . ,RN}. In this two-hop regenerative cooperation scheme,

S transmits data sequences continuously to R(N) and D in the �rst hop. In the

second hop, R(N) decode and forward the received data sequences to D (see

Fig. 4.1). It is assumed that S sends data sequences in the form of aggregated

frames, each consisting of W data packets. An aggregated ACK packet, i.e.

block ACK packet, of length K (in bits) is used to report the status of each

frame where bits `0' and `1' represent the data packet being correctly received

and the packet being lost or erroneously received, respectively. For the sake

of simplicity, the bits used for overhead and other signalling information are

omitted in block ACK packets, and it is assumed that the length of each block

ACK packet in bits is equal to the number of packets in a data frame, i.e.

K = W . For convenience, let ΘAB denote the W -bit block ACK packet that is

generated at node B and sent to node A to acknowledge a frame of W packets

that are sent from A to B, where A,B ∈ {S,D,R1,R2, . . . ,RN}.

1

2

N

.  .  .

First time slot

Second time slot

Figure 4.1: System model of two-hop multi-relay network.
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Figure 4.2: Protocol sequence with: (a) non-NC-based block ACK scheme, (b)

proposed NC-based block ACK scheme.

Fig. 4.2 illustrates the process of data transmission and block ACK report-

ing for a one-relay network. The transmission protocol can be readily extended

for multi-relay networks. In the �rst hop, S transmits W packets sequentially

to R(N) and D. Then, R(N) forwards the correctly received packet to D in the

second hop. After decoding and error-checking all theW packets received from

S, relay nodes Rj, j ∈ {1, 2, . . . , N}, and destination node D generate block

ACK packets ΘSRj
and ΘSD, respectively. Meanwhile, D also attempts to de-

code signals forwarded from {Rj} and then generates {ΘRjD} after checking

all the W data packets.

In the non-NC-based block ACK scheme as shown in Fig. 4.2(a), Rj and D

send the block ACK packets ΘSRj
and ΘSD, respectively, to S to acknowledge

their receipt of the data packets. Similarly, D sends ΘRjD toRj to acknowledge

the receipt of the packets forwarded by Rj. For the purpose of cooperative

retransmission, Rj needs to know which packets D has received correctly from
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S. Thus, ΘSD is additionally sent to all {Rj}. In the proposed NC-based

block ACK scheme as shown in Fig. 4.2(b), instead of sending ΘSD and ΘRjD

separately, D generates only one combined block ACK packet, denoted as ΘD,

and broadcasts it to Rj and S. Thus, the number of block ACK packets to be

sent from D decreases.

4.2.1 Non-NC-based and Proposed NC-based Block ACK

The basic principle of NC is that data �ows from multiple source nodes are

mixed at intermediate nodes before sending to various destination nodes to

reduce the number of transmissions and thus the system throughput is im-

proved [20]. This section presents the fundamentals of the proposed NC-based

block ACK scheme in contrast with the non-NC-based block ACK scheme.

Non-NC-based Block ACK Scheme

After decoding a frame of W packets, each relay node Rj, j = 1, 2, . . . , N,

generates block ACK packetΘSRj
whileD generates (N+1) block ACK packets

ΘR1D, ΘR2D, . . . ,ΘRND, and ΘSD. Note that the length of each block ACK

packet is W bits. Let ΩS and ΩRj
denote the W -bit retransmission indication

packets (RIPs) generated at S and Rj, respectively, in which bit `1' indicates

that the corresponding data packet needs to be retransmitted while bit `0'

indicates otherwise. The RIPs can be obtained as follows:

ΩS = ΘSR1 ⊗ΘSR2 ⊗ · · · ⊗ΘSRN
⊗ΘSD, (4.1a)

ΩRj
= ΘR1D ⊗ΘR2D ⊗ · · · ⊗ΘRND ⊗ΘSD ⊗ΘSRj

, (4.1b)

respectively, where ⊗ denotes the bitwise AND operator and ΘAB is the bitwise

complement of ΘAB. Note that (4.1a) and (4.1b) are based on the principle

of cooperative retransmission, i.e. the source node retransmits the packets

that are lost at all the relay and destination nodes, whereas each relay node

retransmits only those packets that it correctly decodes but the destination

node fails to do so.
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The Proposed NC-based Block ACK Scheme

Instead of sending (2N + 1) block ACK packets, {ΘSRj
}, {ΘRjD} and ΘSD,

as in the non-NC-based block ACK scheme, the proposed NC-based block

ACK scheme only needs to send (N +1) block ACK packets, {ΘSRj
} and ΘD,

at R(N) and D, respectively. While {ΘSRj
} is generated at R(N) as in the

non-NC-based scheme, ΘD is created at D as follows:

ΘD = ΘR1D ⊗ΘR2D ⊗ · · · ⊗ΘRND ⊗ΘSD. (4.2)

The RIPs, ΩS and ΩRj
, j = 1, 2, . . . , N , can be obtained by

ΩS = ΘSR1 ⊗ΘSR2 ⊗ · · · ⊗ΘSRN
⊗ΘD, (4.3a)

ΩRj
= ΘD ⊕

(
ΘSRj

⊗ΘD

)
, (4.3b)

respectively, where ⊕ denotes the bitwise XOR operator. In (4.3a), the de-

termination of packets to be retransmitted at S follows the principle that the

source node retransmits the packets that are lost at all R(N) and D. Par-

ticularly, the idea behind (4.3b) is originated from NC in the sense that Rj

resends those packets that are correctly decoded at Rj but fails to be decoded

at D and that are not to be resent by S. Thus, the packets that Rj needs to

retransmit are determined by an XOR operation of ΘD and
(
ΘSRj

⊗ΘD

)
. It

is noted that (4.3b) is di�erent from (4.1b).

Remark 4.1 (Higher Reliability). The proposed NC-based scheme can de-

termine the packets to be retransmitted more reliably than the non-NC-based

scheme. In the proposed NC-based scheme as shown in (4.3a), to determine

ΩS, besides N block ACK packets from R(N), i.e. ΘSR1, ΘSR2, . . . ,ΘSRN
, a

block ACK packet ΘD is required from D instead of ΘSD as in the non-NC-

based scheme shown in (4.1a). From (4.2), ΘD is determined by combining

the block ACK packets of links R(N) → D and S → D. This means that the

creation of ΘD depends on decisions of various links, and thus, the decision

reliability of the packets to be retransmitted at S can be improved. Additionally,

in the non-NC-based scheme as shown in (4.1b), to determine ΩRj
at each Rj,
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a total of (N + 1) block ACK packets, ΘR1D, ΘR2D, . . . ,ΘRND and ΘSD, are

required. Contrastingly, in the proposed NC-based scheme as shown in (4.3b),

only one packet, ΘD, needs to be known to determine ΩRj
at Rj. Therefore,

the proposed NC-based scheme has a lower probability of error in the determi-

nation of packets to be retransmitted at Rj since only one packet, ΘD, has to

be detected correctly. Furthermore, it can be seen that the number of packets

to be retransmitted depends on the quality of backward links and block ACK

schemes. Compared with the non-NC-based block ACK scheme over the same

backward environment, the proposed NC-based scheme achieves a higher reli-

ability in the determination of packets to be retransmitted, and thus less data

retransmissions are needed.

Remark 4.2 (Lower Complexity). If the computational complexity is measured

by the number of binary operations (e.g. XOR, AND and complement) to

determine the packets to be retransmitted at the relays and the source, i.e.

the number of required operations to compute ΩS and ΩRj
, j ∈ {1, 2, . . . , N},

the proposed NC-based scheme has lower complexity than the non-NC-based

scheme. It can be seen from (4.1a) and (4.1b) that the number of operations

performed at S and Rj are N and (N + 2), respectively. Thus, a total of

(N2 + 3N) operations is required in the non-NC-based block ACK scheme.

In the proposed NC-based scheme, N operations are required at D, while no

operation is performed at D in the non-NC-based scheme. However, in the

proposed NC-based scheme, the complexity at Rj is signi�cantly low since only

2 operations are required at Rj (see (4.3b)). In addition, N operations are

required at S according to (4.3a). Thus, a total of 4N operations is required

in the proposed NC-based scheme, which results in a quadratic reduction of

(N2 −N) operations compared to the non-NC-based block ACK scheme. This

reduction is substantial when N increases. For example, only 20 operations are

required when N = 5 (i.e. 50% reduced), while only 8 operations are required

when N = 2 (i.e. 20% reduced).

In order to see the di�erence between the non-NC-based and the proposed

NC-based schemes in generating the block ACK packets and determining the
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RIPs, two examples are considered, i.e. a one-relay and a two-relay network,

as illustrated in Fig. 4.3 and Fig. 4.4, respectively.

Example 1: One-Relay Network

1

1 2 3 4 5 6 7 8

1 2 4 6 7 8

1 2 3 4 5 6 7 8
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From R1 to D

From S to D
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Non-NC-based block ACK  scheme
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Figure 4.3: Example for block ACK schemes in one-relay network.

An example is considered as depicted in Fig. 4.3 where S wishes to deliver

a data frame of W = 8 packets {s[1], s[2],...,s[8]} to D with the aid of R1.

Suppose that the packets with a crossthrough are lost or erroneous. In this

example, it is assumed that the erroneous packets received at R1 and D in

the �rst hop are {s[3], s[5]} and {s[2], s[3], s[4], s[6]}, respectively. Then, R1

forwards its correctly decoded packets {s[1], s[2], s[4], s[6], s[7], s[8]} to D in

the second hop. Assume that the erroneous packets of link R1 → D are {s[1],

s[2], s[6]}. Since the data frame contains 8 packets, the block ACK packet for

acknowledgement is 8 bits in length.

Non-NC-based Block ACK Scheme

Based on the received data packets, R1 generates ΘSR1 = ‘00101000' while D

generates ΘSD = ‘01110100' and ΘR1D = ‘11101100'. The RIPs can then be
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obtained using (4.1a) and (4.1b) as follows: ΩS = ΘSR1 ⊗ ΘSD = ‘00100000'

and ΩR1 = ΘR1D ⊗ΘSD ⊗ΘSR1 = ‘01000100'. In this case, S and R1 need to

retransmit {s[3]} and {s[2], s[6]}, respectively. Obviously, R1 helps resend the

packets (i.e. {s[2], s[6]}) that D fails to decode while S resends the packets

that are lost at both R1 and D (i.e. {s[3]}). Note that three block ACK

packets in total are required for S and R1 to determine the packets to be

retransmitted to D.

The Proposed NC-based Block ACK Scheme

The di�erence in the proposed NC-based scheme is that instead of two separate

packets ΘR1D and ΘSD, only one combined block ACK packet ΘD is generated

and sent from D. In particular, ΘD = ΘR1D⊗ΘSD = ‘01100100'. The RIPs are

obtained as ΩS = ΘSR1 ⊗ ΘD = ‘00100000' and ΩR1 = ΘD ⊕ (ΘSR1 ⊗ΘD) =

‘01000100', respectively. This means that S and R1 need to retransmit {s[3]}

and {s[2], s[6]}, respectively, which is the same as in the non-NC-based scheme.

Example 2: Two-Relay Network

The example depicted in Fig. 4.4 contains two relays. Suppose the erroneous

packets received at R1, R2 and D in the �rst hop are {s[3], s[5]}, {s[2], s[5],

s[7]} and {s[2], s[3], s[5], s[6]}, respectively. Then, R1 and R2 forward their

correctly decoded packets {s[1], s[2], s[4], s[6], s[7], s[8]} and {s[1], s[3], s[4],

s[6], s[8]}, respectively, to D in the second hop. Assume that the erroneous

packets received at D from R1 and R2 are {s[1], s[2], s[6]} and {s[3], s[6],

s[8]}, respectively.

Non-NC-based Block ACK Scheme

In order to acknowledge the received data packets, R1 generates ΘSR1 =

‘00101000' while R2 generates ΘSR2 = ‘01001010'. Similarly, D generates

ΘSD = ‘01101100', ΘR1D = ‘11101100' and ΘR2D = ‘01101111'. Based on

these block ACK packets, the RIPs can be obtained (using (4.1a) and (4.1b))

as ΩS = ΘSR1⊗ΘSR2⊗ΘSD = ‘00001000', ΩR1 = ΘR1D⊗ΘR2D⊗ΘSD⊗ΘSR1 =
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Figure 4.4: Example for block ACK schemes in two-relay network.

‘01000100' and ΩR2 = ΘR1D ⊗ΘR2D ⊗ΘSD ⊗ΘSR2 = ‘00100100'. As a result,

S has to retransmit {s[5]} while R1 has to retransmit {s[2], s[6]}, and R2 has

to retransmit {s[3], s[6]}. In this two-relay scenario, �ve block ACK packets

are required in total for S, R1 and R2 to be able to determine the packets for

retransmission.

The Proposed NC-based Block ACK Scheme

Instead of sending three separate block ACK packets ΘR1D, ΘR2D and ΘSD,

one combined block ACK is created and sent from D as ΘD = ΘR1D ⊗ΘR2D ⊗

ΘSD = ‘01101100'. The RIPs are then obtained as follows: ΩS = ΘSR1 ⊗

ΘSR2 ⊗ΘD = ‘00001000', ΩR1 = ΘD ⊕ (ΘSR1 ⊗ΘD) = ‘01000100', and ΩR2 =

ΘD ⊕ (ΘSR2 ⊗ΘD) = ‘00100100'. Thus, S, R1 and R2 can determine the
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packets to be retransmitted as {s[5]}, {s[2], s[6]} and {s[3], s[6]}, respectively.

The above examples illustrate how the source and relay nodes in the pro-

posed NC-based block ACK scheme determine the packets to be retransmitted

with a reduced number of block ACK packets. For example, in the computa-

tion of RIPs, one block ACK packet is saved for a one-relay system and two

block ACK packets for a two-relay system. If generalising to networks with

N relays, N block ACK packets would be saved using the proposed NC-based

block ACK scheme.

4.2.2 Error Probability Analysis of Block ACK Trans-

mission

This subsection �rst presents signal models for the transmission of block ACK

packets through backward links. Then, this subsection will derive the prob-

ability of error in the determination of packets to be retransmitted, i.e. the

RDEP, at the relay and source nodes in the proposed NC-based scheme.

The channels for all links are assumed to be Rayleigh �at fading channels.

The channel gains for forward links S → Rj, Rj → D, j ∈ {1, 2, . . . , N},

and S → D are denoted by hSRj
, hRjD and hSD, respectively. Similarly, the

channel gains for backward links Rj → S, D → Rj and D → S are denoted by

hRjS, hDRj
and hDS, respectively. After receiving a frame of W packets from

S in the �rst hop of the transmission, each Rj creates a block ACK packet

ΘSRj
, j = 1, . . . , N , and sends it back to S. The signal received at S from Rj

can be written as

yRjS =
√
ΓRjShRjSxSRj

+ nRjS, (4.4)

where ΓRjS is the power level for the block ACK signal of link Rj → S, xSRj
is

the binary phase shift keying (BPSK) modulated signal11 of ΘSRj
, and nRjS is

an independent circularly symmetric complex Gaussian (CSCG) noise vector

with each entry having zero mean and variance of N0. From yRjS, S can

11BPSK is considered in this thesis for simple analysis. The proposed scheme is applicable

for any higher-order modulation schemes.
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detect ΘSRj
. Let Θ̂SRj

denote the detected ΘSRj
. Assume that the channels

for the backward links are invariant over the whole transmission of block ACK

sequences and known to all the nodes in the network.

At the same time, D generates ΘSD corresponding to the error of the pack-

ets transmitted from S. The data packets forwarded from each Rj in the sec-

ond hop of the transmission are acknowledged by packet ΘRjD. Thus, (N +1)

block ACK packets are generated at D, i.e. ΘSD and {ΘRjD}. Then, D gener-

ates a new combined block ACK packet, denoted as ΘD, as described in (4.2).

ΘD is sent to S and all {Rj}. The received signals at S and Rj, j = 1, . . . , N ,

can be written as

yDS =
√

ΓDShDSxD + nDS, (4.5)

yDRj
=
√
ΓDRj

hDRj
xD + nDRj

, (4.6)

respectively. Here, ΓDS and ΓDRj
are the power levels for the block ACK signals

of the two links D → S and D → Rj, respectively, xD is the BPSK modulated

signal of ΘD, and nDS and nDRj
are independent CSCG noise vectors with

each entry having zero mean and variance of N0. From (4.5) and (4.6), S and

Rj can detect ΘD as Θ̂D,0 and Θ̂D,j, respectively.

The RIPs at S and Rj are given, respectively, by

Ω̂S = Θ̂SR1 ⊗ Θ̂SR2 ⊗ · · · ⊗ Θ̂SRN
⊗ Θ̂D,0, (4.7)

Ω̂Rj
= Θ̂D,j ⊕

(
ΘSRj

⊗ Θ̂D,j

)
. (4.8)

Next, closed-form expressions for the RDEPs at both S and R1 are derived

for the proposed NC-based scheme in the one-relay network (N = 1). Eqs.

(4.7) and (4.8) now become:

Ω̂S = Θ̂SR1 ⊗ Θ̂D,0, (4.9)

Ω̂R1 = Θ̂D,1 ⊕
(
ΘSR1 ⊗ Θ̂D,1

)
, (4.10)

respectively. The RDEP at S and R1 can be de�ned as the bit error rate

(BER) of ΩS given by (4.9) and BER of ΩR1 given by (4.10), respectively.

Without loss of generality, only the �rst bit in each block ACK and RIP

packet is considered. In particular, let aS and aR1 denote the �rst bits of ΩS
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and ΩR1 , respectively. Similarly, bD and bSR1 represent the �rst bits of ΘD

and ΘSR1 , respectively. From (4.9) and (4.10), the BER of ΩS and ΩR1 can be

obtained as follows:

Pb (EΩS
)=Pr (âS=0|aS=1)Pr (aS=1) + Pr (âS=1|aS=0)Pr (aS=0)

=Pr
(
b̂SR1⊗b̂D,0=0|bSR1 =1, bD=1

)
Pr (bSR1 =1)Pr (bD=1)

+Pr
(
b̂SR1⊗b̂D,0=1|bSR1 =0, bD=1

)
Pr (bSR1 =0)Pr (bD=1)

+Pr
(
b̂SR1⊗b̂D,0=1|bSR1 =1, bD=0

)
Pr (bSR1 =1)Pr (bD=0)

+Pr
(
b̂SR1⊗b̂D,0=1|bSR1 =0, bD=0

)
Pr (bSR1 =0)Pr (bD=0) ,

(4.11)

Pb

(
EΩR1

)
=Pr(âR1=0|aR1 =1)Pr(aR1 =1)+Pr(âR1 =1|aR1 =0)Pr(aR1 =0)

=Pr
(̂
bD,1⊕(bSR1⊗b̂D,1)=0|bSR1 =0, bD=1

)
Pr(bSR1 =0)Pr(bD=1)

+Pr
(̂
bD,1⊕(bSR1⊗b̂D,1)=1|bSR1 =0, bD=0

)
Pr(bSR1 =0)Pr(bD=0)

+Pr
(̂
bD,1⊕(bSR1⊗b̂D,1)=1|bSR1 =1, bD=0

)
Pr(bSR1 =1)Pr(bD=0)

+Pr
(̂
bD,1⊕(bSR1⊗b̂D,1)=1|bSR1 =1, bD=1

)
Pr(bSR1 =1)Pr(bD=1),

(4.12)

where âS, âR1 , b̂SR1 , b̂D,0 and b̂D,1 denote the �rst bit in Ω̂S, Ω̂R1 , Θ̂SR1 , Θ̂D,0

and Θ̂D,1, respectively. It is observed that b̂D,1 ⊕ (bSR1 ⊗ b̂D,1) = 0 if bSR1 =

1. Consequently, Pr(b̂D,1 ⊕ (bSR1 ⊗ b̂D,1) = 1|bSR1 = 1, bD = 0) = 0 and

Pr(b̂D,1 ⊕ (bSR1 ⊗ b̂D,1) = 1|bSR1 = 1, bD = 1) = 0. Thus, (4.12) can be

rewritten as

Pb

(
EΩR1

)
=Pr

(̂
bD,1⊕(bSR1⊗b̂D,1)=0|bSR1 =0, bD=1

)
Pr(bSR1 =0)Pr(bD=1)

+Pr
(̂
bD,1⊕(bSR1⊗b̂D,1)=1|bSR1 =0, bD=0

)
Pr(bSR1 =0)Pr(bD=0).

(4.13)
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For simplicity, it is assumed that the channels for both forward and back-

ward links are Rayleigh �at fading. That is, hAB ∼ CN (0, 1), A,B ∈ {S,R1, D},

A ̸= B. In this case, the BER for signal transmission through link A → B,

A,B ∈ {S,R1, D}, A ̸= B, over a Rayleigh �at fading channel is given

by [120]12

Pb(EAB) = ϕ(γAB), (4.14)

where γAB is the average SNR given by γAB = ΓAB/N0, ΓAB is the power level

of the signal transmitted through the link A → B, and ϕ(x) , 1
2

(
1−

√
x

1+x

)
.

Theorem 4.1. The RDEPs at S and R1 are given by

Pb(EΩS
) = ζ11αβ + ζ01(1− α)β + ζ10α(1− β) + ζ00(1− α)(1− β), (4.15a)

Pb(EΩR1
) = ξ(1− α), (4.15b)

respectively, where α = ϕ(γSR1), β = ϕ(γR1D)ϕ(γSD), ζ00 = ϕ(γR1S)ϕ(γDS),

ζ01 = ϕ(γR1S) [1−ϕ(γDS)], ζ10 = [1−ϕ(γR1S)]ϕ(γDS), ζ11 = ϕ(γR1S)+ϕ(γDS)−

ϕ(γR1S)ϕ(γDS) and ξ = ϕ(γDR1).

Proof. For convenience, let α′ = Pr (bSR1 = 1), β′ = Pr(bD = 1), ζ ′ij =

Pr(b̂SR1 ⊗ b̂D,0 = i⊗ j|bSR1 = i, bD = j) and ξ′i = Pr(b̂D,1 ⊕ (bSR1 ⊗ b̂D,1) =

i|bSR1 = 0, bD = i), {i, j} ∈ {0, 1}. Then, (4.11) and (4.13) can be rewritten

as

Pb (EΩS
) = ζ ′11α

′β′ + ζ ′01(1−α′)β′ + ζ ′10α
′(1− β′) + ζ ′00(1−α′)(1− β′), (4.16)

Pb

(
EΩR1

)
= ξ′1(1− α′)β′ + ξ′0(1− α′)(1− β′), (4.17)

respectively. Now, α′, β′, ζ ′ij and ξ′i need to be found.

First, �nd α′ and β′. It is observed that bSR1 = 1 if there are errors in

the data transmission over forward link S → R1, and bD = 1 if bSD = 1 and

bR1D = 1, i.e. if the data transmission over both links S → D and R1 → D

has errors. Thus, α′ and β′ can be given by

α′ = Pb(ESR1), (4.18)

12Note that the channel characteristics of the forward and backward links can be di�erent.

In this case, di�erent transmission techniques can be used for each link.
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β′ = Pb(ER1D)Pb(ESD), (4.19)

where Pb(ESR1), Pb(ER1D) and Pb(ESD) denote the BERs of data transmission

over forward links S → R1, R1 → D and S → D, respectively. Applying

(4.14), α′ and β′ can be obtained as

α′ = ϕ(γSR1) = α, (4.20)

β′ = ϕ(γR1D)ϕ(γSD) = β. (4.21)

In (4.16), ζ ′ij, {i, j} ∈ {0, 1} can be found as

ζ ′00 = Pb(EΘSR1
)Pb(EΘD,0

), (4.22)

ζ ′01 = Pb(EΘSR1
)(1− Pb(EΘD,0

)), (4.23)

ζ ′10 = (1− Pb(EΘSR1
))Pb(EΘD,0

), (4.24)

ζ ′11 = ζ ′00 + ζ ′01 + ζ ′10 = Pb(EΘSR1
) + Pb(EΘD,0

)− Pb(EΘSR1
)Pb(EΘD,0

), (4.25)

where Pb(EΘSR1
) and Pb(EΘD,0

) denote the BERs of ΘSR1 and ΘD, respectively,

at S. Applying (4.14), Pb(EΘSR1
) and Pb(EΘD,0

) can be given by

Pb(EΘSR1
) = ϕ(γR1S), (4.26)

Pb(EΘD,0
) = ϕ(γDS), (4.27)

respectively. Substituting (4.26) and (4.27) into (4.22), (4.23), (4.24) and

(4.25), ζ ′ij, {i, j} ∈ {0, 1} can be obtained as

ζ ′00 = ϕ(γR1S)ϕ(γDS) = ζ00, (4.28)

ζ ′01 = ϕ(γR1S)[1− ϕ(γDS)] = ζ01, (4.29)

ζ ′10 = [1− ϕ(γR1S)]ϕ(γDS) = ζ10, (4.30)

ζ ′11 = ϕ(γR1S) + ϕ(γDS)− ϕ(γR1S)ϕ(γDS) = ζ11. (4.31)

It is observed that ξ′i, i = 0, 1, in (4.17) depends only on the estimation of

ΘD at R1. Thus, ξ
′
i can be given by

ξ′0 = ξ′1 = Pb(EΘD,1
), (4.32)
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where Pb(EΘD,1
) denotes the BER of ΘD at R1. From (4.14), ξ′i, i = 0, 1, is

obtained as

ξ′0 = ξ′1 = ϕ(γDR1) = ξ. (4.33)

Finally, closed-form expressions for the RDEPs at S and R1 are obtained

as

Pb(EΩS
) = ζ11αβ + ζ01(1− α)β + ζ10α(1− β) + ζ00(1− α)(1− β), (4.34a)

Pb(EΩR1
) = ξ(1− α)β + ξ(1− α)(1− β) = ξ(1− α), (4.34b)

respectively, where α, β, ζij, {i, j} ∈ {0, 1}, and ξ are given by (4.20), (4.21),

(4.28), (4.29), (4.30), (4.31) and (4.33), respectively.

Remark 4.3 (Impact of Transmission Links on RDEP at S). As seen from

(4.15a), RDEP at S is in�uenced by the qualities of all outgoing forward links

(i.e. S → R1, R1 → D and S → D) and two incoming backward links (i.e.

R1 → S and D → S). Speci�cally, Pb(EΩS
) monotonically increases over α,

β, ϕ(γR1S), or ϕ(γDS). This can be seen by taking the derivative of Pb(EΩS
)

with respect to α, β, ϕ(γR1S) and ϕ(γDS) as follows:

∂Pb(EΩS
)

∂α
= ϕ(γDS)β + ϕ(γDS)[1− 2ϕ(γR1S)](1− β) > 0, (4.35a)

∂Pb(EΩS
)

∂β
= ϕ(γR1S)α+ ϕ(γR1S)[1− 2ϕ(γDS)](1− α) > 0, (4.35b)

∂Pb(EΩS
)

∂ϕ(γR1S)
= [1− ϕ(γDS)]β + ϕ(γDS)(1− β)(1− 2α) > 0, (4.35c)

∂Pb(EΩS
)

∂ϕ(γDS)
= [1− ϕ(γR1S)]α+ ϕ(γR1S)(1− α)(1− 2β) > 0. (4.35d)

This implies that if the quality of any forward and backward links S → R1,

R1 → D, S → D, R1 → S and D → S is improved, lower determination

error of retransmissions at S is expected. In fact, it can be drawn from an

intuitive observation that the quality of any outgoing and incoming links at S

in�uences, in a monotonically increasing manner, the RDEP at S.

Remark 4.4 (Impact of Transmission Links on RDEP at R1). As seen from

(4.15b), RDEP at R1 is in�uenced by the qualities of two incoming links in-

cluding a forward link S → R1 and a backward link D → R1. However, RDEP
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at R1 is independent of the outgoing links (i.e. R1 → S and R1 → D) (see

the above derivation of RDEP at R1). Speci�cally, Pb(EΩR1
) monotonically

increases over ξ but monotonically decreases over α. This means that the re-

liability of the determination of packets to be retransmitted at R1 would be

improved if either the quality of the backward link D → R1 increases or that

of the forward link S → R1 deteriorates. In fact, it can be intuitively observed

that the increase of the quality of backward link D → R1 obviously improves

the RDEP at R1, and R1 would be released from the responsibility of helping

S retransmit a packet to D if this packet received from S is corrupted. Thus,

if the number of corrupted packets received at R1 from S increases, i.e. α

increases, the RDEP at R1 would decrease. However, it should be noted that

if α increases, Pb(EΩS
) would increase as well, as discussed in Remark 4.3.

Remark 4.5 (Lower RDEP at S and R1). The proposed NC-based block ACK

scheme has a lower RDEP at S and R1 than the non-NC-based scheme. This

observation con�rms the statement in Remark 4.1. Following the non-NC-

based block ACK scheme, the BERs of ΩS and ΩR1 can be derived as

Pb(EΩ′
S
) = ζ11αµ+ ζ01(1− α)µ+ ζ10α(1− µ) + ζ00(1− α)(1− µ), (4.36a)

Pb(EΩ′
R1
) = ν1(1− α)β + ν0(1− α)(1− β), (4.36b)

respectively, where

µ , Pr(bSD = 1), (4.37)

ν1 , Pr(b̂R1D ⊗ b̂SD ⊗ b̄SR1 = 0|bSR1 = 0, bR1D = 1, bSD = 1), (4.38)

ν0 , Pr(b̂R1D ⊗ b̂SD ⊗ b̄SR1 = 1|bSR1 = 0, bR1D ⊗ bSD = 0). (4.39)

Similar to the proof of Theorem 4.1, ν1 and ν0 can be found as

ν0=ν1=ν=ϕ(γDR1)[1−ϕ(γDR1)]+[1−ϕ(γDR1)]ϕ(γDR1)+[ϕ(γDR1)]
2

=2ϕ(γDR1)−[ϕ(γDR1)]
2.

(4.40)

Thus, (4.36b) can be rewritten as

Pb(EΩ′
R1
) = ν(1− α). (4.41)
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It can be seen that Pr(bSD = 1) > Pr(bD = 1) = Pr(bSD = 1)Pr(bR1D = 1),

i.e. µ > β, and 2ϕ(γDR1) − [ϕ(γDR1)]
2 > ϕ(γDR1), i.e. ν > ξ. Thus, Pb(EΩ′

S
)

and Pb(EΩ′
R1
) in (4.36a) and (4.36b) are greater than Pb(EΩS

) and Pb(EΩR1
)

in (4.15a) and (4.15b), respectively.

To understand further the behaviour of the error probabilities in (4.15a) and

(4.15b), some asymptotic scenarios of forward links are considered, where links

S → R1 andR1 → D are at either very low or very high SNR (see Table 4.1)13.

The direct link, S → D, is assumed to have a very low SNR (i.e. γSD → 0) (as

this is the main motivation for using relay-assisted cooperative transmissions).

These asymptotic scenarios allow to extend the error probability analysis to

an N -relay network.

Table 4.1: Speci�c analysis scenarios

Scenario 1 High-SNR S → R1 High-SNR R1 → D

Scenario 2 High-SNR S → R1 Low-SNR R1 → D

Scenario 3 Low-SNR S → R1 High-SNR R1 → D

Scenario 1: High-SNR S → R1 and high-SNR R1 → D

In this scenario, γSR1 → ∞, γR1D → ∞ and γSD → 0. From (4.20) and (4.21),

α ≈ 0 and β ≈ 0. Thus, Pb(EΩS
) and Pb(EΩR1

) can be approximated as

Pb(EΩS
) ≈ ζ00 = ϕ(γR1S)ϕ(γDS), (4.42a)

Pb(EΩR1
) ≈ ξ = ϕ(γDR1). (4.42b)

Extended to an N -relay network, P
(N)
b (EΩS

) can be computed by

P
(N)
b (EΩS

) ≈ ζ
(N)
00 = Pr {âS = 1|bSR(N) = 0, bD = 0}

= Pb(EΘSR1
)Pb(EΘSR2

) · · ·Pb(EΘSRN
)Pb(EΘD,0

)

= ϕ(γR1S)ϕ(γR2S) · · ·ϕ(γRNS)ϕ(γDS).

(4.43)

13Note that the scenario where both links S → R1 and R1 → D are at very low SNR

is not considered since it is expected that the relay node is in a reasonable condition for

relaying.
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Similar to a one-relay network, P
(N)
b (EΩRj

), j = 1, 2, . . . , N, is given by

P
(N)
b (EΩRj

) ≈ ϕ(γDRj
). (4.44)

Scenario 2: High-SNR S → R1 and low-SNR R1 → D

In this scenario, γSR1 → ∞, γR1D → 0 and γSD → 0. From (4.20) and (4.21),

α ≈ 0 and β ≈ 1/4. Thus, Pb(EΩS
) and Pb(EΩR1

) can be approximated as

Pb(EΩS
) ≈ 1

4
ζ01 +

3

4
ζ00 =

1

4
ϕ(γR1S) [1 + 2ϕ(γDS)] , (4.45a)

Pb(EΩR1
) ≈ ξ = ϕ(γDR1). (4.45b)

Extended to an N -relay network, P
(N)
b (EΩS

) can be computed by

P
(N)
b (EΩS

) ≈ 1

2N+1
ζ
(N)
01 +

2N+1 − 1

2N+1
ζ
(N)
00 , (4.46)

where ζ
(N)
00 is given by (4.43) and

ζ
(N)
01 = Pr {âS = 1|bSR(N) = 0, bD = 1}

= Pb(EΘSR1
)Pb(EΘSR2

) · · ·Pb(EΘSRN
)
[
1− Pb(EΘD,0

)
]

= ϕ(γR1S)ϕ(γR2S) · · ·ϕ(γRNS)[1− ϕ(γDS)].

(4.47)

Similar to a one-relay network, P
(N)
b (EΩRj

), j = 1, 2, . . . , N, is given by

P
(N)
b (EΩRj

) ≈ ϕ(γDRj
). (4.48)

Scenario 3: Low-SNR S → R1 and High-SNR R1 → D

In this scenario, γSR1 → 0, γR1D → ∞ and γSD → 0. From (4.20) and (4.21),

α ≈ 1/2 and β ≈ 0. Thus, Pb(EΩS
) and Pb(EΩR1

) can be approximated as

Pb(EΩS
) ≈ 1

2
ζ10 +

1

2
ζ00 =

1

2
ϕ(γDS), (4.49a)

Pb(EΩR1
) ≈ 1

2
ξ =

1

2
ϕ(γDR1). (4.49b)

Extended to an N -relay network, P
(N)
b (EΩS

) can be computed by

P
(N)
b (EΩS

) ≈ 1

2N
ζ
(N)
10 +

2N − 1

2N
ζ
(N)
00 , (4.50)
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where ζ
(N)
00 is given by (4.43) and

ζ
(N)
10 = Pr {âS = 1|bSR(N) = 1, bD = 0}

=
[
1−Pb(EΘSR1

)
][
1−Pb(EΘSR2

)
]
· · ·
[
1−Pb(EΘSRN

)
]
Pb(EΘD,0

)

= [1− ϕ(γR1S)][1− ϕ(γR2S)] · · · [1− ϕ(γRNS)]ϕ(γDS).

(4.51)

Similar to a one-relay network, P
(N)
b (EΩRj

), j = 1, 2, . . . , N, is given by

P
(N)
b (EΩRj

) ≈ 1

2
ϕ(γDRj

). (4.52)

Remark 4.6 (Comparison of Scenarios). Investigate the sum-RDEP14 of the

whole system de�ned by Pb(E) , Pb(EΩS
) + Pb(EΩR1

). It can be observed

that a high SNR of the forward links in Scenario 1 leads to a lower Pb(E)

compared to Scenario 2. However, this is not always the case when compared

to Scenario 3. For convenience, let Pb,i(E) denote the Pb(E) of Scenario i and

let δij , Pb,i(E)− Pb,j(E), i, j ∈ {1, 2, 3}. δij can be given by

δ12 = Pb,1(E)− Pb,2(E) =
1

4
ϕ(γR1S) [2ϕ(γDS)− 1] , (4.53)

δ13 = Pb,1(E)− Pb,3(E) =
1

2
ϕ(γDS)[2ϕ(γR1S)− 1] +

1

2
ϕ(γDR1), (4.54)

δ23=Pb,2(E)−Pb,3(E)=
1

4
ϕ(γR1S) [1+2ϕ(γDS)]−

1

2
ϕ(γDS)+

1

2
ϕ(γDR1). (4.55)

It can be seen that δ12 < 0 for all γR1S, γDS, γDR1. On the other hand, the other

two functions, δ13 and δ23, can be zero at some values of γR1S, γDR1 or γDS.

In particular, in these equations, δ13 = 0 and δ23 = 0 have only one root with

respect to either γR1S, γDR1 or γDS. This clearly shows that the sum-RDEP,

Pb(E), in Scenario 2 can be lower or higher than that in Scenario 3 depending

on the values of γR1S, γDR1 and γDS, which is understandable. However, the

same cannot be said for the result with δ13 which shows that the sum-RDEP in

Scenario 3 can be lower than that in Scenario 1, which is surprising. Actually,

this is implied by Remark 4.4, where it is shown that Pb(EΩR1
) can be lower as

the SNR of link S → R1 is lower. This behaviour will be further con�rmed by

simulations in subsection 4.2.3.

14The sum-RDEP is de�ned as the summation of the RDEPs at S and R(N) in the RET

phase.
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4.2.3 Numerical and Simulation Results

This subsection presents simulation results of the RDEP and the average num-

ber of packets to be retransmitted at the source and relay nodes for di�erent

block ACK schemes when both forward and backward channels experience

Rayleigh �at fading. Computer simulations are carried out for a typical one-

relay network consisting of three nodes S, R1 and D with BPSK for signaling

and no channel coding. The results are obtained by using Monte Carlo sim-

ulation in MATLAB. At S and R1, errors occur if the packets required to be

retransmitted are di�erent from the actual retransmitted packets.
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Figure 4.5: RDEP at S versus SNRR1S.

The RDEPs at S and R1 are �rst investigated. As shown in Figs. 4.5, 4.6

and 4.7, the RDEP at S is plotted as a function of various SNR values of links

R1 → S and D → S, and the RDEP at R1 is plotted as a function of the

SNR of link D → R1. The SNRs of the forward links S → R1, R1 → D and

S → D are assumed to be 5 dB, 5 dB and 0 dB, respectively. The SNRs of

the remaining backward links are assumed as follows:

• Fig. 4.5: γDR1 = 10 dB and γDS = 0 dB

• Fig. 4.6: γDR1 = 10 dB and γR1S = 10 dB
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Figure 4.6: RDEP at S versus SNRDS.
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Figure 4.7: RDEP at R1 versus SNRDR1 .

• Fig. 4.7: γR1S = 10 dB and γDS = 0 dB.

It can be seen in Figs. 4.5, 4.6 and 4.7 that the derived RDEPs at S and R1 for

the proposed NC-based scheme and the non-NC-based scheme given by (4.15a),

(4.15b), (4.36a) and (4.41) are consistent with the simulation results. Also,

it can be observed that the proposed NC-based block ACK scheme achieves

an improved performance over the non-NC-based scheme in terms of both
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RDEPs at S and R1. For example, to achieve the RDEP at S and R1 of

0.02, the proposed scheme improves 3 dB of SNRR1S, 3 dB of SNRDS and 2

dB of SNRDR1 . This observation con�rms the statements in Remarks 4.1 and

4.5 concerning the lower RDEPs at S and R1 that can be achieved with the

proposed NC-based scheme.
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Figure 4.8: Sum-RDEP versus SNRR1S.

Investigating the whole system, in Fig. 4.8, the sum-RDEP, i.e. the sum-

mation of BERs of ΩS and ΩR1 , is shown for various values of the SNR of link

R1 → S with respect to the following scenarios of the forward links.

• Scenario 1: γSR1 = 20 dB, γR1D = 20 dB and γSD = −20 dB

• Scenario 2: γSR1 = 20 dB, γR1D = −20 dB and γSD = −20 dB

• Scenario 3: γSR1 = −20 dB, γR1D = 20 dB and γSD = −20 dB.

The SNRs of the other backward links D → R1 and D → S are assumed to

be 10 dB and 0 dB, respectively. First of all, it can be observed in Fig. 4.8

that the sums of the error probabilities at S and R1 given by (4.42a) and

(4.42b), (4.45a) and (4.45b), (4.49a) and (4.49b) are consistent with the simu-

lation results. As expected, an improved performance is achieved in Scenario

1 compared to Scenario 2. However, when comparing Scenario 1 and Scenario
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2 with Scenario 3, such an explicit conclusion cannot be reached since there

are cross-over points among the Pb(E) curves. This observation con�rms the

statement in Remark 4.6 where the performance of these three scenarios is

theoretically compared, i.e. a better performance is always achieved with Sce-

nario 1 when compared to Scenario 2 but the absolute relationship cannot be

concluded when comparing Scenario 1 or Scenario 2 with Scenario 3. It can

also be seen that Pb(E) in Scenario 3 does not depend on γR1S as shown in

(4.49a) and (4.49b). Finally, it can be seen that the performance of the pro-

posed NC-based block ACK scheme is better than the non-NC-based scheme

for all scenarios. This performance improvement, as explained in Remarks 4.1

and 4.5, is achieved by the reduced number of block ACK transmissions in the

proposed NC-based block ACK scheme.
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Figure 4.9: Sum-RDEP versus SNRDS.

The impact of SNR of link D → S on the sum-RDEP is shown in Fig. 4.9,

where the SNRs of the other backward links, R1 → S and D → R1, are

assumed to be equal to 10 dB. The behaviour which was discussed in Remarks

4.1, 4.5 and 4.6 can be observed, i.e. better performance is achieved with the

proposed NC-based scheme for all three scenarios and the relationship between

these scenarios is con�rmed. In addition, since γR1S and γDR1 are �xed at 10
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Figure 4.10: Sum-RDEP versus SNRDR1 .

dB which can be assumed to be a high SNR level, the sum-RDEPs in Scenario

1 and Scenario 2 are close to each other and do not depend particularly on

γDS. On the other hand, the sum-RDEP in Scenario 3 depends only on γDS

and γDR1 , and as such, there is a signi�cant improvement on the sum-RDEP

when γDS increases. The same behaviour can be observed when the RDEP is

plotted against the SNR of the link D → R1 as shown in Fig. 4.10 where the

re�ections in Remarks 4.1, 4.5 and 4.6 can also be realised.

For the comparison of the average number of data retransmissions required

for the whole system to transmit one packet from the source to the destination

using di�erent block ACK schemes, Scenario 1 is considered with the similar

assumption of the SNRs of the forward and backward links. Using the non-

NC-based scheme, the packets to be retransmitted at S and R1, i.e. the RIPs

ΩS and ΩR1 , are determined by (4.1a) and (4.1b), respectively. Using the pro-

posed NC-based scheme, the RIPs ΩS and ΩR1 are computed by (4.3a) and

(4.3b), respectively. In Figs. 4.11, 4.12 and 4.13, the average number of data

retransmissions is plotted as a function of the SNR of backward links R1 → S,

D → S and D → R1, respectively. It can be seen that the proposed NC-

based block ACK scheme reduces the average number of data retransmissions
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Figure 4.11: Average number of data retransmissions per packet versus SNRR1S

for Scenario 1.
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Figure 4.12: Average number of data retransmissions per packet versus SNRDS

for Scenario 1.

compared with the non-NC-based scheme over any backward links. It can be

observed that the reduction of the number of packets to be retransmitted in

Figs. 4.11, 4.12 and 4.13 corresponds to the lower sum-RDEPs achieved with

the proposed NC-based scheme for Scenario 1 in Figs. 4.8, 4.9 and 4.10, re-
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Figure 4.13: Average number of data retransmissions per packet versus

SNRDR1 for Scenario 1.

spectively. This signi�cant improvement not only re�ects the high reliability

of the proposed NC-based scheme in the determination of packets to be re-

transmitted which is stated in Remarks 4.1 and 4.5, but also substantiates the

improvement of system throughput with the proposed NC-based block ACK

scheme.

4.3 Cooperative Retransmission Schemes

Fig. 4.14 illustrates a typical regenerative relay system model. The data trans-

mission from a source node S to a destination node D is accomplished by a

two-hop protocol with the assistance of a best relay in a group of N relays

R(N) = {R1,R2, . . . ,RN}15. There are three phases during the data trans-

mission: broadcast (BC), forward (FW) and retransmission (RET) phases.

Source S transmits data sequences continuously to R(N) and D in the BC

phase. Then, in the FW phase, all R(N) decode the received data sequences

but only the best relay is selected to forward the decoded data to D (see

15The best relay can be selected by a scheduler of a coordinator node in a centralized

manner [129,130].
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Figure 4.14: System model of two-hop multi-relay network with relay selection.

Fig. 4.14). In the RET phase, only the best relay or group of best relays will

carry out retransmissions depending on whether BCR or GCR is used.

The following assumptions are made:

(A1) Without loss of generality, the order of the relays in the group R(N) is

based on the quality of the received signal at the relays, i.e. R1 denotes

the best quality relay whileRN represents the relay with the lowest signal

quality.

(A2) The relays are located within the transmission range of each other in

a rather dense network, thus each relay is able to overhear the ACK

information from all other relays.

(A3) Source S sends each data sequence in the form of aggregated frames,

with every frame consisting of W data packets.

(A4) An aggregated ACK packet, i.e. block ACK packet, of length K (in

bits) is used to report the status of each frame, where bits `0' and `1'

represent the data packet being correctly received and the packet being

lost or erroneously received, respectively.

(A5) The length of each block ACK packet, in bits, is equal to the number of

packets in a data frame, i.e. K = W . The bits used for overheads and
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other signalling information in block ACK packets are omitted for the

sake of simplicity.

For convenience, the notation used in this section is as follows:

(B1) ΘAB denotes the W -bit block ACK packet that is generated at node B

and sent to node A to acknowledge a frame of W packets that are sent

from A to B, where A,B ∈ {S,D,R1,R2, . . . ,RN}.

(B2) Ω
(X)
S and Ω

(X)
Rj
, X ∈ {B,G,X}16, denote the W -bit retransmission indica-

tion packets (RIPs) generated at S and Rj, respectively, using various

CR schemes in which bit `1' indicates that the corresponding data packet

needs to be retransmitted while bit `0' indicates otherwise.

(B3) ⊗ and ⊕ denote the bitwise AND and XOR operators, respectively.

(B4) ΘAB denotes the bitwise complement of ΘAB.

4.3.1 BCR, GCR and Proposed XRGCR Schemes

The BCR, GCR and XRGCR cooperative schemes may be described as follows:

BCR

Since only R1 is used in the FW and RET phases, the RIPs at S and R1 can

be obtained as follows:

Ω
(B)
S = ΘSR1 ⊗ΘSD, (4.56)

Ω
(B)
R1

= ΘR1D ⊗ΘSD ⊗ΘSR1 . (4.57)

Note that (4.56) and (4.57) are based on the principle of CR, i.e. the source

node retransmits the packets that are lost at the selected relay and destination

nodes, whereas the selected relay node retransmits only those packets that it

correctly decodes but the destination node fails to decode.

16For simpli�cation, throughout this chapter, the superscript letter in parentheses corre-

sponds to the �rst letter in the name of CR scheme, e.g. B, G and X represent BCR, GCR

and XRGCR, respectively.
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GCR

The RIPs at S and Rj, j ∈ {1, 2, . . . , N}, can be obtained by

Ω
(G)
S = ΘSR1 ⊗ΘSR2 ⊗ · · · ⊗ΘSRN

⊗ΘSD, (4.58)

Ω
(G)
Rj

= ΘR1D ⊗ΘSD ⊗ΘSRj
. (4.59)

The principle of CR in (4.58) and (4.59) is that the source node retransmits

the packets that are lost at all the relay and destination nodes, whereas each

relay node retransmits only those packets that it correctly decodes but the

destination node fails to receive.

Proposed XRGCR

Instead of sending 3 block ACK packets ΘSR1 , ΘSD and ΘR1D as in the BCR

and GCR schemes, the proposed XRGCR scheme only requires to send 2 block

ACK packet ΘSR1 and ΘD, at R1 and D, respectively, where ΘD is created as

follows:

ΘD = ΘR1D ⊗ΘSD. (4.60)

The RIPs at S and R1 can be obtained as

Ω
(X)
S = ΘSR1 ⊗ΘSR2 ⊗ · · · ⊗ΘSRN

⊗ΘD, (4.61)

Ω
(X)
R1

= ΘD ⊕ (ΘSR1 ⊗ΘD) . (4.62)

In (4.61), the determination of packets to be retransmitted at S follows the

principle that S retransmits the packets that are lost at all the relays {R1, R2,

. . . ,RN} as well as D. The idea behind (4.62) is originated from the sense that

R1 resends the packets that are correctly decoded at R1 but D fails to decode

and are not resent by S. Thus, the packets that R1 needs to retransmit are

determined by the XOR operation of ΘD and (ΘSR1 ⊗ΘD).

Since R2 can overhear the block ACK ΘSR1 from R1, the RIPs at R2 can

be obtained by

Ω
(X)
R2

= Λ2,1 ⊕
(
Λ2,1 ⊗ Ω

(X)
R1

)
, (4.63)
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where Λ2,1 , ΘD ⊕ (ΘSR2 ⊗ ΘD). The idea behind (4.63) is also based on

the principle that R2 resends the packets that are correctly decoded at R2,

but both R1 and D fail to decode in both the BC and FW phases, and are

not resent by S. Generally, the RIPs at Rj, j ≥ 2, can be obtained by the

inductive method as follows:

Ω
(X)
Rj

= Λj,j−1 ⊕
(
Λj,j−1 ⊗ Ω

(X)
Rj−1

)
, (4.64)

where

Λj,j−1 = Λj,j−2 ⊕
(
Λj,j−2 ⊗ Ω

(X)
Rj−2

)
, (4.65)

Λj,1 = ΘD ⊕
(
ΘSRj

⊗ΘD

)
. (4.66)

Some Remarks

Remark 4.7 (Higher Reliability). The combination of block ACK packets at

the destination in the proposed XRGCR scheme improves the reliability of the

determination of the packets to be retransmitted. For convenience, the XRGCR

scheme without such combination is referred to as the non-combined XRGCR

scheme. The RIPs at S and R1 using the non-combined XRGCR scheme can

be determined as

Ω
′(X)
S = ΘSR1 ⊗ΘSR2 ⊗ · · · ⊗ΘSRN

⊗ΘSD, (4.67)

Ω
′(X)
R1

= ΘR1D ⊗ΘSD ⊗ΘSR1 . (4.68)

As shown in (4.61), besides the requirement of block ACK packets from R(N),

the determination of RIPs at S requires a combined block ACK packet ΘD

from D instead of a single block ACK packet ΘSD as shown in (4.67). It

can be observed in (4.60) that ΘD is generated by combining the block ACK

packets of links R1 → D and S → D. This means that the creation of ΘD

depends on the decisions of these two di�erent links, and thus the decision

reliability of the packets to be retransmitted at S is improved with the proposed

XRGCR scheme. Additionally, only one block ACK packet, ΘD, needs to be

known in the proposed XRGCR scheme as shown in (4.62) to determine the

RIPs at R1. In the non-combined XRGCR scheme as shown in (4.68), the
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determination of RIPs at R1 requires two block ACK packets ΘR1D and ΘSD

from D. Therefore, the proposed XRGCR scheme has a lower probability of

error in the determination of RIPs at R1.

Remark 4.8 (Reduced Number of Retransmissions). With the proposed XRGCR

scheme, the number of packets to be retransmitted at the source and relay nodes

is reduced compared with the non-combined XRGCR scheme. It can be seen

that the detection of packets to be retransmitted depends on the quality of the

backward links and block ACK schemes. As noted in Remark 4.7, the reliability

in the determination of RIPs in the proposed XRGCR scheme is higher than

that in the non-combined XRGCR scheme, and thus, over the same backward

environment, the proposed XRGCR scheme requires a lower number of data

retransmissions.

Remark 4.9 (Reduced Number of Retransmissions at S and Non-Overlap-

ping Retransmissions at Rj). The number of packets to be retransmitted at the

source is signi�cantly reduced in the GCR and the proposed XRGCR schemes

compared to the BCR scheme due to the help of multiple relays in the RET

phase. In the GCR scheme, it can be observed that the relays retransmit many

overlapped packets due to the lack of cooperation between the relays. Instead,

there are no overlapped retransmission packets at the relays in the proposed

XRGCR scheme with the RC between the relays. In fact, with binary XOR

and AND operations as shown in (4.64), the relays can determine the packets

to be retransmitted with no overlap.

Examples of Cooperative Retransmission Schemes

Examples of retransmission schemes are considered for two-relay and three-

relay networks as illustrated in Figs. 4.15 and 4.16, respectively. These will help

clarify the generation of block ACK packets along with di�erent CR schemes

in determining the RIPs at the source and relays.
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Figure 4.15: Example of proposed XRGCR scheme in two-relay network.

Example 1 - Two-Relay Network

As depicted in Fig. 4.15, an example is considered where S wishes to deliver

a data frame of W = 8 packets {s[1], s[2], . . . , s[8]} to D with the assis-

tance of R1 and R2. Suppose that the packets with a crossthrough are lost

or have errors. In this example, it is assumed that the erroneous packets re-

ceived at R1, R2 and D in the BC phase are {s[3], s[5]}, {s[2], s[5], s[7]}

and {s[2], s[3], s[5], s[6]}, respectively. Then, R1 is selected to forward its

correctly decoded packets {s[1], s[2], s[4], s[6], s[7], s[8]} to D in the FW

phase. Assume that the erroneous packets of link R1 → D are {s[1], s[2],

s[6]}. Since the data frame includes 8 packets, the block ACK packet for the

acknowledgement is 8 bits in length. Based on the received data packets, R1

generates ΘSR1 =`00101000', R2 generates ΘSR2 =`01001010', and D generates

ΘSD =`01101100' and ΘR1D =`11101100'.

BCR Scheme

Following the BCR scheme, only the best relay (i.e. R1), which has most

correctly received packets, is used in the FW and RET phases. The RIPs can

be obtained using (4.56) and (4.57) as follows: Ω
(B)
S = ΘSR1⊗ΘSD =`00101000'

and Ω
(B)
R1

= ΘR1D ⊗ΘSD ⊗ΘSR1 =`01000100'. In this case, S and R1 need to

retransmit {s[3], s[5]} and {s[2], s[6]}, respectively. It is obvious that R1 helps
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resend the packets (i.e. {s[2], s[6]}) that D fails to decode while S resends the

packets that are lost at both R1 and D (i.e. {s[3], s[5]}).

GCR Scheme

In the GCR scheme, R2 helps R1 in the RET phase. The RIPs at S, R1

and R2 can be obtained using (4.58) and (4.59) as follows: Ω
(G)
S = ΘSR1 ⊗

ΘSR2 ⊗ΘSD =`00001000', Ω
(G)
R1

= ΘR1D⊗ΘSD⊗ΘSR1 =`01000100' and Ω
(G)
R2

=

ΘR1D ⊗ ΘSD ⊗ ΘSR2 =`00100100'. In this case, S, R1 and R2 retransmit

{s[5]}, {s[2], s[6]} and {s[3], s[6]}, respectively. It can be seen that S only

retransmits one packet s[5] with the help of R2 in the retransmission of s[3].

However, there is one overlapped packet in the RET phase (i.e. s[6]).

Proposed XRGCR Scheme

In the proposed XRGCR scheme, only one combined block ACK packet ΘD is

generated by (4.60) and sent from D instead of two separate packets ΘR1D and

ΘSD. In particular, ΘD = ΘR1D ⊗ ΘSD =`01101100'. The RIPs at S, R1 and

R2 can be obtained using (4.61), (4.62) and (4.64) as follows: Ω
(X)
S = ΘSR1 ⊗

ΘSR2 ⊗ ΘD =`00001000', Ω
(X)
R1

= ΘD ⊕ (ΘSR1 ⊗ ΘD) =`01000100' and Ω
(X)
R2

=

Λ2,1⊕ (Λ2,1⊗Ω
(X)
R1

) =`00100000', where Λ2,1 = ΘD⊕ (ΘSR2 ⊗ΘD) =`00100100'.

Thus, the packets that S, R1 and R2 require to retransmit are {s[5]}, {s[2],

s[6]} and {s[3]}, respectively. It can be seen that there is no overlapped packet

in the RET phase with the proposed XRGCR scheme.

Example 2 - Three-Relay Network

The example depicted in Fig. 4.16 contains three relays. Let the erroneous

packets received at R1, R2, R3 and D in the BC phase be {s[3], s[5]}, {s[2],

s[5], s[7]}, {s[1], s[4], s[8]} and {s[2], s[3], s[5], s[6]}, respectively. Similar

to the example of the two-relay network, R1 is selected to forward its cor-

rectly decoded packets {s[1], s[2], s[4], s[6], s[7], s[8]} to D in the FW phase

and the erroneous packets of link R1 → D are {s[1], s[2], s[6]}. In order to

acknowledge the received data packets, R1 generates ΘSR1 =`00101000', R2
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Figure 4.16: Example of proposed XRGCR scheme in three-relay network.

generates ΘSR2 =`01001010', R3 generates ΘSR3 =`10010001', and D generates

ΘSD =`01101100' and ΘR1D =`11101100'.

BCR Scheme

Since the BCR scheme does not depend on the number of relays, the deter-

minations of packets to be retransmitted at S and R1 are carried out in the

same way as the BCR scheme for the two-relay network, and thus the RIPs at

S and R1 are {s[3], s[5]} and {s[2], s[6]}, respectively.

GCR Scheme

In this scheme, R2 and R3 help R1 in the RET phase. The RIPs at S, R1,

R2 and R3 can be obtained using (4.58) and (4.59) as follows: Ω
(G)
S = ΘSR1 ⊗

ΘSR2 ⊗ ΘSR3 ⊗ ΘSD =`00000000', Ω
(G)
R1

= ΘR1D ⊗ ΘSD ⊗ ΘSR1 =`01000100',

Ω
(G)
R2

= ΘR1D ⊗ ΘSD ⊗ ΘSR2 =`00100100' and Ω
(G)
R3

= ΘR1D ⊗ ΘSD ⊗ ΘSR3 =

`01101100'. In this case, S does not require to retransmit any packets while

R1, R2 and R3 need to retransmit {s[2], s[6]}, {s[3], s[6]} and {s[2], s[3],

s[5], s[6]}, respectively. It can be seen that R1, R2 and R3 assist S in the

retransmission of lost packets. However, there are four overlapped packets in

the RET phase including two s[6] packets, one s[2] packet and one s[3] packet.
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Proposed XRGCR Scheme

With only one combined block ACK packet ΘD =`01101100' at D, the RIPs

at S, R1, R2 and R3 can be obtained using (4.61), (4.62) and (4.64) as fol-

lows: Ω
(X)
S = ΘSR1 ⊗ ΘSR2 ⊗ ΘSR3 ⊗ ΘD =`00000000', Ω

(X)
R1

= ΘD ⊕ (ΘSR1 ⊗

ΘD) =`01000100', Ω
(X)
R2

= Λ2,1 ⊕ (Λ2,1 ⊗ Ω
(X)
R1

) =`00100000' and Ω
(X)
R3

= Λ3,2 ⊕

(Λ3,2⊗Ω
(X)
R2

) = `00001000', where Λ2,1 = ΘD⊕(ΘSR2⊗ΘD) =`00100100', Λ3,2 =

Λ3,1 ⊕ (Λ3,1 ⊗ Ω
(X)
R1

) = `00101000' and Λ3,1 = ΘD ⊕ (ΘSR3 ⊗ΘD) =`01101100'.

Thus, S does not require to retransmit any packet and the packets that R1,

R2 and R3 need to retransmit are {s[2], s[6]}, {s[3]} and {s[5]}, respectively.

It can also be observed, as in the example for the two-relay network, that

there are no overlapped packets in the RET phase with the proposed XRGCR

scheme.

4.3.2 Error Probability Analysis of Block ACK Trans-

mission

This subsection �rst presents signal models for the transmission of block ACK

packets through the backward links. Then, this subsection will derive the

RDEP, i.e. the probability of error in the determination of packets to be

retransmitted, at the relay and source nodes in the proposed XRGCR scheme.

The channel gains for forward links S → Rj, Rj → D, j ∈ {1, 2, . . . , N}

and S → D are denoted by hSRj
,hRjD and hSD, respectively. Similarly, the

channel gains for the backward linksRj → S, D → Rj and D → S are denoted

by hRjS, hDRj
and hDS, respectively and the channel gains for cooperation links

between relays, i.e. Rj → Rj′ , j
′ ∈ {2, 3, . . . , N}, j′ > j, are denoted by hRjRj′ .

After receiving a frame of W packets from S in the BC phase, each Rj creates

a block ACK packet ΘSRj
, j ∈ {1, 2, . . . , N}, and sends it back to S. Over the

wireless medium, the other relays, i.e. Rj′ , j
′ ∈ {2, 3, . . . , N}, j′ > j, can also

receive the block ACK packet from Rj through the cooperation links hRjRj′
.

The signals received at S and Rj′ from Rj can be written as

yRjS =
√
ΓRjShRjSxSRj

+ nRjS, (4.69)
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yRjRj′ =
√
ΓRjRj′hRjRj′xSRj

+ nRjRj′ , (4.70)

respectively, where ΓRjS and ΓRjRj′ are the power levels for the block ACK

signals of links Rj → S and Rj → Rj′ , respectively, xSRj
is BPSK modulated

signal of ΘSRj
, and nRjS and nRjRj′ are independent circularly symmetric

complex Gaussian (CSCG) noise vectors with each entry having zero mean

and variance of N0. From yRjS and yRjRj′
, S and Rj′ can detect ΘSRj

. Let

Θ̂SRj ,0 and Θ̂SRj ,j′ denote the detected ΘSRj
at S and Rj′ , respectively. It is

also assumed that the channels for the backward links and the links between

relays are time-invariant over the whole transmission of block ACK sequences

and known to all the nodes in the network.

Meanwhile, D generates ΘSD corresponding to the error of the packets

received from S. The data packets forwarded from R1 in the FW phase are

acknowledged by packet ΘR1D. Then, D generates a new block ACK packet

ΘD as described in (4.60). This block ACK packet is sent to S and all {Rj}.

The received signals at S and Rj, j = 1, . . . , N , can be written as

yDS =
√

ΓDShDSxD + nDS, (4.71)

yDRj
=
√
ΓDRj

hDRj
xD + nDRj

, (4.72)

respectively. Here, ΓDS and ΓDRj
are the power levels for the block ACK signals

of the two links D → S and D → Rj, respectively, xD is the BPSK modulated

signal of ΘD, and nDS and nDRj
are independent CSCG noise vectors with

each entry having zero mean and variance of N0. From (4.71) and (4.72), S

and Rj can detect ΘD as Θ̂D,0 and Θ̂D,j, respectively.

The RIPs at S and Rj are given by

Ω̂S = Θ̂SR1,0 ⊗ Θ̂SR2,0 ⊗ · · · ⊗ Θ̂SRN ,0 ⊗ Θ̂D,0, (4.73)

Ω̂R1 = Θ̂D,1 ⊕
(
ΘSR1 ⊗ Θ̂D,1

)
, (4.74)

Ω̂Rj
= Λ̂j,j−1 ⊕

(
Λ̂j,j−1 ⊗ Ω̂Rj−1,j

)
, j = 2, 3, . . . , N, (4.75)

where

Λ̂j,j−1 = Λ̂j,j−2 ⊕
(
Λ̂j,j−2 ⊗ Ω̂Rj−2,j

)
, (4.76)
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Λ̂j,1 = Θ̂D,j ⊕
(
ΘSRj

⊗ Θ̂D,j

)
, (4.77)

Ω̂Ri,j
= Θ̂D,j ⊕

(
Θ̂SRi,j

⊗ Θ̂D,j

)
, i = 1, 2, . . . , N, i < j. (4.78)

Next, closed-form expressions for the RDEPs at S and Rj are derived for

the proposed XRGCR scheme. The RDEP at S and Rj can be de�ned as the

BER of ΩS given by (4.73) and the BER of ΩRj
given by (4.75), respectively.

For simplicity, it is assumed that the channels for all forward, backward and

cooperation links are Rayleigh �at fading channels. That is, hAB ∼ CN (0, 1)

(A,B ∈ {S,Rj, D}, A ̸= B), where CN (a, b) represents the distribution of

an CSCG random variable with mean a and variance b. Over a Rayleigh

�at fading channel, the BER for signal transmission through link A → B is

similarly calculated as (4.14).

Theorem 4.2. The RDEPs at S and Rj, j = 1, 2, . . . , N , in the proposed

XRGCR scheme are given by

Pb(EΩS
) =

[
1−

N∏
i=0

(1− βi)

]
N∏
i=0

αi +
∑
P

N∏
i=0

δiϵi, (4.79)

Pb(EΩRj
) = (1− αj)

[
1− (1− ζj)

j−1∏
i=1

(1− ηij)

]
j−1∏
i=0

αi

+ (1− αj) [ζj (1− α0) + (1− ζj)α0]
∑
P′

j−1∏
i=1

δ′iϵ
′
i,

(4.80)

where αi = ϕ(γSRi
), βi = ϕ(γRiS), ζi = ϕ(γDRi

), ηij = ϕ(γRiRj
), {i, j} ∈

{1, 2, . . . , N}, i < j, α0 = α00α01, α00 = ϕ(γSD), α01 = ϕ(γR1D), β0 = ϕ(γDS),

P = {(δ, ϵ)|δi = βi or 1 − βi, ϵi = 1 − αi if δi = βi and ϵi = αi if δi = 1 − βi}

and P′ = {(δ′, ϵ′)|δ′i = ηij or 1 − ηij, ϵ
′
i = 1 − αi if δ

′
i = ηij and ϵ′i = αi if δ

′
i =

1− ηij}.

Proof. Without loss of generality, only the �rst bit in each block ACK and

RIP packet is considered. For mathematical convenience, let aS, âS, aRj
and

âRj
, j = 1, . . . , N , denote the �rst bits of ΩS, Ω̂S, ΩRj

and Ω̂Rj
, respectively.

Similarly, bD, b̂D,0, b̂D,j, bSRj
, b̂SRj,0

, b̂SRi,j
, bSD and bR1D represent the �rst

bits of ΘD, Θ̂D,0, Θ̂D,j, ΘSRj
, Θ̂SRj,0

, Θ̂SRi,j
, {i, j} ∈ {1, . . . , N}, i < j, ΘSD
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and ΘR1D, respectively. Then, the BERs of ΩS and ΩRj
can be obtained as

Pb(EΩS
)=Pr(âS=0|aS=1)Pr(aS=1)+Pr(âS=1|aS=0)Pr(aS=0) , (4.81)

Pb

(
EΩRj

)
=Pr

(
âRj

=0|aRj
=1
)
Pr
(
aRj

=1
)
+Pr

(
âRj

=1|aRj
=0
)
Pr
(
aRj

=0
)
. (4.82)

For convenience, let α′
0 = Pr (bD = 1), α′

00 = Pr (bSD = 1), α′
01 = Pr (bR1D = 1)

and α′
j = Pr

(
bSRj

= 1
)
, j = 1, 2, . . . , N .

First, proceed with the calculation of Pb (EΩS
). It is observed that bSRj

= 1

if there are errors in the data transmission over forward link S → Rj and

bD = 1 if bSD = 1 and bR1D = 1 (see (4.60)), i.e. if the data transmission over

both links S → D and R1 → D has errors. Thus, α′
j and α′

0 can be given by

α′
j = Pb

(
ESRj

)
, (4.83)

α′
0 = α′

00α
′
01 = Pb (ESD)Pb (ER1D) . (4.84)

Applying (4.14), α′
j and α′

0 can be obtained as

α′
j = ϕ

(
γSRj

)
= αj, (4.85)

α′
0 = ϕ (γSD)ϕ (γR1D) = α00α01 = α0. (4.86)

From (4.73), (4.81) can be rewritten as

Pb (EΩS
) = Pr

(
b̂SR1,0 b̂SR2,0 . . . b̂SRN,0

b̂D,0 = 0|bSR1bSR2 . . . bSRN
bD = 1

)
× Pr (bSR1bSR2 . . . bSRN

bD = 1)

+ Pr
(
b̂SR1,0 b̂SR2,0 . . . b̂SRN,0

b̂D,0 = 1|bSR1bSR2 . . . bSRN
bD = 0

)
× Pr (bSR1bSR2 . . . bSRN

bD = 0) .

(4.87)

Note that

Pr
(̂
bSRj,0

=0|bSRj
=1
)
=Pr

(̂
bSRj,0

=1|bSRj
=0
)
=Pb

(
EΘSRj,0

)
=ϕ
(
γRjS

)
=βj,

(4.88)

Pr
(̂
bD,0=0|bD=1

)
=Pr

(̂
bD,0=1|bD=0

)
=Pb(EΘDS

)=ϕ(γDS)=β0. (4.89)

Substituting α0, αj, β0 and βj into (4.87), the closed-form expression of Pb (EΩS
)

is obtained as

Pb(EΩS
) =

[
1−

N∏
i=0

(1− βi)

]
N∏
i=0

αi +
∑
P

N∏
i=0

δiϵi, (4.90)
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where P denotes a set of {βi, αi} satisfying the condition that if one term is βi

then there is another term (1 − αi), and if one term is (1 − βi) then there is

another term αi. In other words, P can be represented as

P={(δ, ϵ)|δi=βi or 1−βi, ϵi=1−αi if δi=βi and ϵi=αi if δi=1−βi}. (4.91)

Next, the RDEP at Rj, j = 1, 2, . . . , N (i.e. Pb(EΩRj
)) given by (4.82)

is calculated. It is observed that Rj only retransmits the correctly received

packets, thus bSRj
should be equal to zero. Otherwise, ΩRj

= Ω̂Rj
= 0. From

(4.74), (4.75), (4.77), (4.76) and (4.78), (4.82) is rewritten as

Pb

(
EΩRj

)
=Pr

(̂
bSRj−1,j

b̂SRj−2,j
. . . b̂SR1,j

b̂D,j=0|bSRj−1
bSRj−2

. . . bSR1bD=1
)

× Pr
(
bSRj

= 0 and bSRj−1
bSRj−2

. . . bSR1bD = 1
)

+Pr
(̂
bSRj−1,j

b̂SRj−2,j
. . . b̂SR1,j

b̂D,j=1|bSRj−1
bSRj−2

. . . bSR1bD=0
)

× Pr
(
bSRj

= 0 and bSRj−1
bSRj−2

. . . bSR1bD = 0
)
.

(4.92)

Note that

Pr
(̂
bSRi,j

=0|bSRi
=1
)
=Pr

(̂
bSRi,j

=1|bSRi
=0
)
=Pb

(
EΘSRi,j

)
=ϕ
(
γRiRj

)
=ηij, (4.93)

Pr
(̂
bD,j=0|bD=1

)
=Pr

(̂
bD,j=1|bD=0

)
=Pb

(
EΘDRj

)
=ϕ
(
γDRj

)
=ζj, (4.94)

where {i, j} ∈ {1, 2, . . . , N} and i < j. Substituting α0, αj, ζj and ηij into

(4.92), the closed-form expression of Pb(EΩRj
) is obtained as

Pb(EΩRj
) = (1− αj)

[
1− (1− ζj)

j−1∏
i=1

(1− ηij)

]
j−1∏
i=0

αi

+ (1− αj) [ζj (1− α0) + (1− ζj)α0]
∑
P′

j−1∏
i=1

δ′iϵ
′
i,

(4.95)

where P′ denotes a set of {ηij, αi} satisfying the condition that if one term is

ηij then there is another term (1− αi), and if one term is (1− ηij) then there

is another term αi. Similarly, P′ can be represented as

P′={(δ′, ϵ′)|δ′i=ηij or 1−ηij, ϵ
′
i=1−αi if δ

′
i=ηij and ϵ′i=αi if δ

′
i=1−ηij}. (4.96)
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Lemma 4.1. The RDEPs at S and Rj, j = 1, 2, . . . , N , in the non-combined

XRGCR scheme can be similarly derived as

Pb(EΩ′
S
)=

[
1−

N∏
i=0

(1−βi)

]
α00

N∏
i=1

αi+[β0 (1−α00)+(1−β0)α00]
∑
P

N∏
i=1

δiϵi, (4.97)

Pb(EΩ′
Rj
) = (1− αj)

[
1− (1− ζj)

2
j−1∏
i=1

(1− ηij)

]
j−1∏
i=0

αi

+ (1− αj) [ζj (1− α01) + (1− ζj)α01]
∑
P′

j−1∏
i=1

δ′iϵ
′
i.

(4.98)

The following remark is made in relation to (4.79), (4.80), (4.97) and (4.98):

Remark 4.10 (Lower RDEPs). The proposed XRGCR scheme has lower

Pb(EΩS
) and Pb(EΩRj

), j = 1, 2, . . . , N , than the non-combined XRGCR scheme.

This con�rms the statement in Remark 4.7. It is noted that 0 < ϕ(x) 6 1/2

∀x. Thus, 0 < α00 6 1/2, 0 < α01 6 1/2, 0 < β0 6 1/2, 0 < ζj 6
1/2, α0 < α00, α0 < α01 and (1− ζj)

2 < (1− ζj). Also, it can be deduced

that β0 (1− α00) + (1− β0)α00 > β0 (1− α0) + (1− β0)α0 and ζj (1− α01) +

(1− ζj)α01 > ζj (1− α0)+ (1− ζj)α0. Thus, Pb(EΩ′
S
) and Pb(EΩ′

Rj
) in (4.97)

and (4.98) are greater than Pb(EΩS
) and Pb(EΩRj

) in (4.79) and (4.80), re-

spectively.

4.3.3 Average Number of Packets in Retransmission

This subsection derives the ANR at S and Rj, j = 1, 2, . . . , N , in the proposed

XRGCR scheme, i.e. the average number of data retransmissions required to

transmit one packet from S to D and from Rj to D, respectively.

At �rst, the expression of ANRs is derived over error-free backward links.

In this error-free environment, the RDEPs are omitted, i.e. Pb(EΩS
) = 0 and

Pb(EΩRj
) = 0, j = 1, 2, . . . , N .

Theorem 4.3. Over error-free backward links, the ANRs at S and Rj, j =

1, 2, . . . , N , in the XRGCR scheme are given by

λ
(free)
S = α00

N∏
j=1

αj, (4.99)
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λ
(free)
Rj

= (1− αj)α01α00

j−1∏
i=1

αi

j−1∏
i=1

(1− ηij), (4.100)

where λ
(free)
A , A ∈ {S,Rj}, denotes the ANR at node A. Here, α00, α01, αi

and ηij, {i, j} ∈ {1, 2, . . . , N}, are de�ned as in Theorem 4.2.

Proof. It is noted that the ANR is corresponding to the error probability of

the data transmission. It is observed that S, in the proposed XRGCR scheme,

only retransmits the packet which is not correctly received by all {Rj} and D,

i.e. bSD = 1 and bSRj
= 1 ∀j ∈ {1, 2, . . . , N}. Thus, the ANR at S can be

determined by

λ
(free)
S = Pr (bSD = 1)

N∏
j=1

Pr
(
bSRj

= 1
)
. (4.101)

Substituting Pr (bSD = 1) = Pb (ESD) = α00 and Pr
(
bSRj

= 1
)
= Pb

(
ESRj

)
=

αj, j = 1, 2, . . . , N , (see Theorem 4.2) into (4.101), λ
(free)
S can be obtained as

λ
(free)
S = α00

N∏
j=1

αj, (4.102)

In the proposed XRGCR scheme, Rj, j = 1, 2, . . . , N , retransmits a packet

when the following conditions are satis�ed:

• The packet is correctly received at Rj,

• The packet fails to be received at R1 and D in both BC and FW phases,

• The packet fails to be received at Ri, i = 1, 2, . . . , N , i < j,

• The block ACK packets from Ri to Rj are correct.

Taking all these conditions into account, the ANR at Rj can be obtained by

λ
(free)
Rj

=Pr
(
bSRj

=0
)
Pr(bSD=1)Pr(bR1D=1)

j−1∏
i=1

Pr(bSRi
=1)

j−1∏
i=1

[
1−Pb

(
EΘSRi,j

)]
.

(4.103)

Substituting Pb

(
EΘSRi,j

)
= ϕ

(
γRiRj

)
= ηij, Pr (bR1D = 1) = Pb (ER1D) = α01,

Pr(bSD = 1) = α00 and Pr
(
bSRj

= 1
)
= αj, j = 1, 2, . . . , N , into (4.103),

λ
(free)
Rj

can be obtained as

λ
(free)
Rj

= (1− αj)α01α00

j−1∏
i=1

αi

j−1∏
i=1

(1− ηij). (4.104)
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Some important points may be observed in relation to (4.99) and (4.100):

Remark 4.11 (Reduced ANR at S). The ANR at S in the GCR and the

proposed XRGCR schemes is signi�cantly reduced compared to the BCR scheme

when the number of relays is larger than one. This con�rms the statement in

Remark 4.9. In fact, following the BCR scheme, the ANR at S depends only

on the links S → R1 and S → D, and thus can be derived easily as

λ
(B,free)
S = α00α1. (4.105)

Similar to the proposed XRGCR scheme, the ANR at S in the GCR scheme is

given by

λ
(G,free)
S = α00

N∏
j=1

αj. (4.106)

From (4.99), (4.105) and (4.106), it can be seen that λ
(free)
S = λ

(G,free)
S <

λ
(B,free)
S when N > 1.

Remark 4.12 (Reduced ANR at Rj). The ANR at Rj, j > 1, in the XRGCR

scheme is lower than that in the GCR scheme. Following the GCR scheme,

the ANR at Rj, j = 1, 2, . . . , N , depends only on the links S → Rj, S → D

and R1 → D. Thus, its ANR is simply given by

λ
(G,free)
Rj

= (1− αj)α01α00. (4.107)

Comparing (4.100) and (4.107), it can be observed that λ
(free)
Rj

< λ
(G,free)
Rj

. In

fact, in the GCR scheme, there is lack of cooperation between the relays and

thus there are various overlapped packets in the RET phase compared with the

proposed XRGCR scheme which has non-overlapped packets. The overlapped

packets at Rj, j > 1, in the GCR scheme can be quanti�ed as

∆j = λ
(G,free)
Rj

− λ
(free)
Rj

= (1− αj)α01α00

[
1−

j−1∏
i=1

αi

j−1∏
i=1

(1− ηij)

]
. (4.108)

This con�rms the statement in Remark 4.9 concerning the overlapped packets

at the relays in the RET phase.
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Lemma 4.2. Over erroneous backward links, the ANRs at S and Rj, j =

1, 2, . . . , N , in the XRGCR scheme are given by

λS = λ
(free)
S + Pb(EΩS

), (4.109)

λRj
= λ

(free)
Rj

+ Pb(EΩRj
), (4.110)

where Pb(EΩS
) and Pb(EΩRj

) are given by (4.79) and (4.80), respectively.

Remark 4.13 (Lower ANRs). Over unreliable backward links, the ANRs at S

and Rj, j = 1, 2, . . . , N , in the proposed XRGCR scheme are reduced compared

to that in the non-combined XRGCR scheme due to the improved RDEPs (see

Remarks 4.7 and 4.10). This con�rms the statement in Remark 4.8 regarding

the reduced number of retransmissions. In fact, the ANRs at S and Rj in the

non-combined XRGCR scheme can be similarly derived as

λ′
S = λ

(free)
S + Pb(EΩ′

S
), (4.111)

λ′
Rj

= λ
(free)
Rj

+ Pb(EΩ′
Rj
), (4.112)

where Pb(EΩ′
S
) and Pb(EΩ′

Rj
) are the RDEPs at S and Rj in the non-combined

XRGCR scheme given by (4.97) and (4.98), respectively. Thus, from (4.109),

(4.110), (4.111), (4.112) and Remark 4.10, it can be deduced that λS < λ′
S and

λRj
< λ′

Rj
.

4.3.4 Relay Selection for Retransmission

In multi-relay networks, various RS schemes are considered in the FW phase

to help the source forward data to the destination [148�151]. In the work,

various CR schemes have been investigated, where multiple relays are used

to help the source retransmit the corrupted packets to the destination. This

naturally requires an e�cient RS mechanism in the RET phase17.

In this subsection, based on the derived ANR at the relays in subsection

4.3.3, two RS schemes are proposed for the RET phase. The �rst is based

17Note that the best relay in the FW phase is also used as the best relay in the RET

phase. The RS in the RET phase is to select the remaining relays to support the best relay

in the retransmission.
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on the constraint of the total number of packets in a frame and the second is

based on the constraint of the total power consumption at the relays. The RS

process can be carried out by a scheduler of a coordinator node in a centralized

manner [129, 130], i.e. each relay informs the coordinator its ANR through a

speci�c feedback channel and then the coordinator selects the relays for the

retransmission based on this information.

Let N∗
1 and N∗

2 denote the number of relays required for the RET phase

using the �rst and second RS schemes, respectively. Regarding the frame

length (i.e. W ), the �rst RS scheme is de�ned through

N∗
1 = arg max

j=1,2,...,N

{
λRj

> λthreshold ,
1

W

}
. (4.113)

With limited total power consumption at the relays for the RET phase, the

second RS scheme is determined by

N∗
2 = arg max

j=1,2,...,N

{
j∑

i=1

WλRj
PR 6 PR,tot

}
, (4.114)

where PR and PR,tot are the power required at each relay node to retransmit

a packet and the total power constraint at the relays for the retransmission,

respectively. The algorithms corresponding to the two RS schemes are sum-

marized in Tables 4.2 and 4.3.

Table 4.2: RS based on frame length

Step 1. Calculate ANR at relay Rj, j = 1, 2, . . . , N (i.e. λRj
).

Step 2. Compare λRj
with λthreshold:

. If λRj
is larger than or equal to λthreshold, then assign N∗

1 as j.

. Back to Step 1 with the next relay Rj+1.

. Otherwise, stop the RS process.

Remark 4.14 (High Power E�ciency). The �rst RS scheme is helpful for

the proposed XRGCR scheme to reduce the power consumption in the RET

phase since the ANR of Rj decreases as j increases. Speci�cally, when W is

small, the proposed XRGCR scheme requires a lower number of relays in the
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Table 4.3: RS based on power constraint

Step 1. Calculate ANR at relay Rj, j = 1, 2, . . . , N (i.e. λRj
).

Step 2. Compare the total power consumption for retransmission

(i.e.
∑j

i=1 WλRj
PR) with the total power constraint (i.e. PR,tot):

. If
∑j

i=1 WλRj
PR is smaller than or equal to PR,tot, then assign N∗

2 as j.

. Back to Step 1 with the next relay Rj+1.

. Otherwise, stop the RS process.

RET phase compared to the GCR scheme. With the second RS scheme, it

can be seen that the proposed XRGCR scheme is preferred for a limited PR,tot

while the GCR scheme is bene�cial to achieve a higher diversity gain in the

RET phase if PR,tot is large enough. In fact, the proposed XRGCR scheme can

exploit all the relays to help the source in the RET phase even with a low PR,tot

since the relays can help each other to retransmit the corrupted packets without

any packet overlapping. In other words, the proposed XRGCR scheme is more

power e�cient than the GCR scheme.

4.3.5 Numerical and Simulation Results

This subsection presents both analytical evaluation and simulation results of

the RDEP and the ANR at the source and relay nodes using di�erent CR

schemes. The Monte Carlo simulations are carried out in MATLAB for a

network consisting of a source node S, �ve relay nodes {R1, R2, R3, R4,

R5} and a destination node D. All forward and backward channels experi-

ence Rayleigh fading, BPSK is used for signalling, and no channel coding is

employed18. Without any loss of generality, the SNRs of the forward links

S → Ri, i = 1, . . . , 5, are assumed to be 5 dB, 2 dB, −1 dB, −4 dB and −7

dB, respectively. Thus, R1 is selected as the best relay to forward the data

in the FW phase. In the RET phase, R1, R2, R3, R4 and R5 sequentially

help S retransmit the lost packets to D. The SNRs of the remaining forward

18For simplicity, uncoded BPSK is considered in the simulation. Channel coding with

higher-order modulation schemes can be applied, which results in di�erent performance.
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inks S → D and Ri → D, i = 1, . . . , 5, are assumed to be −20 dB and 0 dB,

respectively. At the source and relay nodes, errors occur if the packets required

to be retransmitted are di�erent from the actual retransmitted packets.
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Figure 4.17: RDEP at S versus SNRR1S.

The RDEPs with various CR schemes are �rst investigated for both ana-

lytical expression and simulation results. As shown in Fig. 4.17, the RDEP at

S is plotted as a function of the SNR of the backward link R1 → S. The SNRs

of the remaining backward links Rj → S, j = 2, . . . , 5, D → S and D → Ri,

i = 1, . . . , 5, are assumed as follows: γRjS = γR1S, γDS = 0 dB and γDRi
= 10

dB. It can be seen that the proposed XRGCR scheme achieves better per-

formance than the non-combined XRGCR scheme in terms of RDEP. This

con�rms the statement in Remarks 4.7 and 4.10 regarding the higher reliabil-

ity in the determination of packets to be retransmitted with the combination

of block ACK packets at the destination. With the GCR and the proposed

XRGCR schemes, the RDEPs at S are shown to be signi�cantly improved

due to the combination of various block ACK packets from various relays in

the RET phase. Also, the derived analytical RDEPs at S for the proposed

XRGCR and the non-combined XRGCR schemes given by (4.79) and (4.97)

are consistent with the simulation results.

144



4.3. CR Schemes Chapter 4. NC Based Block ACK & CR

-10 -5 0 5 10 15 20 25 30

10
-1

 BCR

 GCR

 Non-combined XRGCR (simulation)

 Non-combined XRGCR (analytical)

 Proposed XRGCR (simulation)

 Proposed XRGCR (analytical)

s
u
m

-R
D

E
P

SNR
R

1
S

 [dB]

Figure 4.18: Sum-RDEP versus SNRR1S.

Considering the reliability of the retransmissions in the whole system,

Fig. 4.18 shows the sum-RDEP against various values of the SNR of the

backward link R1 → S. It can be observed that the summations of the de-

rived RDEPs at S and R(N) for the proposed XRGCR and the non-combined

XRGCR schemes given by the analytical expressions (4.79), (4.80), (4.97) and

(4.98) are consistent with the simulation results. Also, it can be seen that

the proposed XRGCR scheme achieves the best performance in terms of sum-

RDEP. In fact, with the cooperation between the relays, the RDEPs at the

relays are considerably improved and this results in the improvement of the

sum-RDEP for the whole system. This can be easily seen when comparing the

sum-RDEPs of the XRGCR scheme with the GCR scheme.

For the comparison of ANRs with various CR schemes, Figs. 4.19, 4.20 and

4.21 show the ANRs at the source, relays and for the whole system (in terms

of sum-ANR19), respectively. The ANRs are also plotted as a function of the

backward link R1 → S with respect to various CR schemes. As shown in

Fig. 4.19, it is observed that the ANR at S in the proposed XRGCR scheme is

19The sum-ANR is de�ned as the summation of the ANRs at S and R(N) required for the

RET phase.
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Figure 4.19: ANR at S versus SNRR1S.
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Figure 4.20: ANRs at the 5 relays.

lower than the non-combined XRGCR scheme. In addition, the GCR and the

proposed XRGCR schemes signi�cantly reduce the ANR at S due to the help

of all the relays in the RET phase. This con�rms the statements in Remarks

4.8, 4.9, 4.11 and 4.13 regarding the lower ANRs at S. In Fig. 4.20, it can

be seen that the proposed XRGCR scheme signi�cantly reduces the ANRs at

R2, R3, R4 and R5 compared to the GCR scheme. The reduced ANRs at
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Figure 4.21: Sum-ANR versus SNRR1S.

the relays con�rm the statements in Remarks 4.9 and 4.12 in relation to the

non-overlapped packets in the RET phase with the proposed XRGCR scheme.

Therefore, summarising the ANRs at all the source and relay nodes for the

evaluation of the whole system, Fig. 4.21 shows that the proposed XRGCR

scheme achieves the best performance in terms of sum-ANR while a larger

sum-ANR is required in the GCR scheme as a consequence of the overlapping

packets in the RET phase. Also, in Figs. 4.19, 4.20 and 4.21, the derived

expressions of ANRs at S and R(N) for the proposed XRGCR and the non-

combined XRGCR schemes given by (4.109), (4.110), (4.111) and (4.112) are

consistent with the simulation results.

Taking the RS for the RET phase into consideration, Figs. 4.22 and 4.23

show the number of relays selected for the RET phase versus the frame length

(i.e. W [packets]) and total power constraint of the relays (i.e. PR,tot [Watts]),

respectively, for both the GCR and the proposed XRGCR schemes. As shown

in Fig. 4.22, if W is smaller than 10000 packets, the proposed XRGCR scheme

requires a lower number of relays for the RET phase compared to the GCR

scheme. This arises since the relays in the XRGCR scheme can share the

packets with each other in the RET phase without any overlapping packets. In
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0 100 200 300 400 500

0

1

2

3

4

5

 GCR

 Proposed XRGCR

N
2
*

P
R tot

 [Watts] 

Figure 4.23: Number of relays selected for the RET phase versus total power

constraint (PR,tot).

Fig. 4.23, W is �xed at 1000 packets and the power of each relay to retransmit

a packet (i.e. PR) is assumed to be 1 Watt. It can be seen that the proposed

XRGCR scheme can utilise all the relays for the RET with a lower PR,tot (e.g.

150 Watts). However, the GCR scheme requires a much larger PR,tot (e.g. 450
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Watts) if all the relays are used for the retransmission. Thus, for a limited

PR,tot (e.g. from 150 to 400 Watts), the proposed XRGCR scheme is better

than the GCR scheme in the sense that all the relays can be used to help

the source in the RET phase. This con�rms the statement in Remark 4.14

regarding the high power e�ciency of the proposed XRGCR scheme.

4.4 Conclusions

This chapter has proposed an NC-based block acknowledgement scheme for

multi-relay based cooperative networks. Using the notion of NC, the source

and relay nodes can simultaneously determine the data packets to be retrans-

mitted with a reduced number of block ACK packets. This NC-based block

ACK scheme can e�ectively reduce the number of block ACK packets sent from

the destination. This reduction results in a lower computational complexity,

a more reliable determination of packets to be retransmitted, and a decreased

number of data retransmissions at the source and relays compared to the non-

NC-based block ACK scheme. Reduced number of retransmissions actually

means freeing up more bandwidth and increasing overall network throughput.

An error probability analysis for the determination of packets to be retrans-

mitted has been carried out with respect to the SNR of forward and backward

links. The derived expression of error probability re�ects well the impact of the

quality of both the forward and backward links upon the performance of block

ACK schemes. General expressions for multi-relay networks have been derived

for three asymptotical scenarios of forward links. In addition, simulations have

been carried out which have con�rmed all the analytical results.

Furthermore, this chapter has proposed a cooperative retransmission scheme

for wireless regenerative multi-relay networks based on XOR operations and

RC. The XOR combination of block ACK packets at the destination results

in a more reliable determination of retransmission and a decreased number

of packets to be retransmitted at the source and relays compared to the non-

combined-based scheme. The analyses of error probability of the determination
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of packets to be retransmitted and the average number of packets to be retrans-

mitted have been carried out with respect to the SNRs of forward, backward

and cooperation links. The derived expressions re�ect well the impact of RC

on the performance of the proposed scheme. Two RS schemes have been then

proposed for the multi-relay-based CR based on frame length and total power

constraint at the relays. The proposed XRGCR scheme is shown to be power

e�cient with a lower number of relays required for a small frame length, and

a larger number of relays may join in the RET phase for the situation when

the total power constraint is limited.

150



Chapter 5

NC Based Spectrum Sensing

This chapter is concerned with the development and investigation of a new

network coding (NC) implementation for cooperative spectrum sensing (CSS)

mechanisms in three-hop cognitive wireless relay networks (CWRNs). The

data transmission from a source node to a destination node is realized with

the aid of two layers of cognitive users (CUs) which are in the transmission

coverage of two primary users (PUs). Dealing with the hidden terminal prob-

lems, CSS helps the shadowed CUs detect the PUs and improves the sensing

reliability at the CUs. Conventionally, the decision of available spectrum at

the CUs is carried out based on the global decision at the fusion center (FC).

This chapter �rst proposes a new CSS scheme for a layer of CUs to improve the

spectrum sensing performance by exploiting both local decisions at the CUs

and global decisions at the FC. Particularly, this chapter derives the proba-

bilities of missed detection and false alarm for a practical scenario where all

sensing, reporting and backward channels su�er from Rayleigh fading. The

derived expressions not only show that the proposed CSS achieves a better

sensing performance than the conventional scheme but also characterise the

e�ects of the fading channels on the sensing reliability. Furthermore, a CSS

scheme is proposed for two cognitive radio layers in a three-hop CWRN based

on NC. The proposed NC-based CSS scheme helps reduce one phase of sensing

for a higher system throughput compared to the conventional scheme which

requires eight phases in total to monitor all available spectrums of both PUs.
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Finally, simulation results are presented to verify the analytical results and

observations.

5.1 Introduction

Along with the signi�cant achievements of cooperative communications in im-

proving data rate and reliability, the large demand of spectrum resources for

various wireless applications and services is also taken into consideration since

spectrum resources are limited. To cope with the scarcity of spectrum re-

sources, cognitive radio was proposed as an emerging technology to improve

spectrum e�ciency by providing dynamic spectrum access [152�154]. With

cognitive radio technology, when licensed spectrum bands allocated for licensed

primary users (PUs) are unused at some speci�c periods of time, they can be

utilized by secondary users, i.e. cognitive users (CUs). When the PUs activate,

the CUs should move out of the licensed bands to mitigate any interference to

the licensed network. Therefore, in cognitive radio networks, spectrum holes

can be opportunistically used by the CUs. In order to detect the occupation

and reappearance of a PU, CUs must continuously monitor the spectrum, and

thus spectrum sensing is one of the most basic elements in cognitive radio

technology. Various well-known signal detection methods have been applied

to spectrum sensing technology [155], such as matched �lter [156], energy,

cyclostationary, wavelet [157] and covariance detection [158]. However, the

implementation of these spectrum sensing techniques is not feasible for hidden

terminal problems when the CUs su�er from shadowing or severe fading e�ects

while their nearby PUs are active.

Motivated by relaying techniques for cooperative communications, cooper-

ative spectrum sensing (CSS) was proposed not only to help the shadowed CUs

detect the PUs but also to improve detection reliability by carrying out spec-

trum sensing in a cooperative manner [156,159]. A CSS scheme can be divided

into three phases, namely the sensing (SS) phase, reporting (RP) phase and

backward (BW) phase. These phases can be summarized as follows: Initially,
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every CU carries out local spectrum sensing (LSS) in the SS phase to deter-

mine locally the existence of the PU. Then, all CUs forward their decisions to

a fusion centre (FC), i.e. a common receiver, in the RP phase. Based on the

local decisions received from various CUs, the FC makes a global decision on

the existence of the PU and then broadcasts this decision to all CUs in the

BW phase. Over the wireless medium, the CSS scheme su�ers interference

and noise from all the SS, RP and BW channels. However, most published

work assumes that the RP channels are error-free [160, 161] and that the BW

channels are also error-free [159]. Additionally, in practical applications, e.g.,

in wireless ad hoc or sensor networks, the relay-aided data transmission from

the source to the destination node can be realised via various transmission

paths or hops. This stimulates to consider a three-hop wireless relay network

as a speci�c model of multi-hop communications20. In this model, two layers

of relay nodes help the source transmit data to the destination.

This chapter investigates the spectrum sensing in a three-hop cognitive

wireless relay network (CWRN) where a source node S transmits data to a

destination node D via two layers of relay nodes. In a cognitive radio environ-

ment, the relay nodes can be regarded as CUs and two layers of relay nodes

can be accordingly referred to as two layers of CUs. Each layer of CUs is

assumed to be within the coverage of a cognitive radio network corresponding

to the transmission range of a PU [162]. Inspired by cooperative spectrum

sharing, the CWRN can generate a seamless transmission from S to D by ex-

ploiting some portions of the spectrum that may not be utilized by the PUs

over a period of time. Speci�cally, a cognitive space-time-frequency coding

was proposed in [162] to maximize the spectrum opportunities in the CWRN.

However, the cooperative spectrum sharing in the three-hop CWRN poses the

question of how the CUs in two layers can e�ciently sense the spectrum holes

of both PUs to exploit all the available frequency bands in both cognitive radio

networks for cooperative communications.

20The considered model is extendible to a general relay network with more than three hops

by changing the operations performed at the FC to adapt to various network con�gurations.
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Dealing with spectrum sensing in three-hop CWRNs, this chapter �rst

considers the CSS for a layer of CUs and then extend to the whole system

consisting of two layers of CUs. Speci�cally, for a cognitive radio layer, a

new CSS scheme is proposed to improve the spectrum sensing performance

by exploiting both the local and global decisions in spectrum sensing at each

CU. The basic idea of the proposed scheme for a cognitive radio layer is that

each CU combines its local decision in the SS phase with the global decision

of the FC in the BW phase. Also, this chapter takes into account a practical

scenario where all the SS, RP and BW channels are characterised by Rayleigh

�at fading channels. To the best of the author's knowledge, this has received

little attention in the literature. By deriving the expression of the probability

of missed detection and false alarm, it is not only shown that the proposed

CSS scheme achieves a better CSS performance than the conventional CSS

scheme21 but also evaluate the e�ects of all the SS, RP and BW channels on

the CSS performance.

Extending to the whole system consisting of two layers of CUs in a three-

hop CWRN, a total of eight phases is conventionally required to sense the

available spectrum of both PUs at each CU, including six phases for the CSS

of two cognitive radio layers and two phases at the FC for the exchange of

spectrum information between two cognitive radio layers. As the second con-

tribution of the chapter, a new CSS scheme is proposed for three-hop CWRNs

based on NC. With the proposed NC-based CSS scheme, the number of phases

is reduced by one, and thus the system throughput is improved. The basic idea

of the proposed scheme is that the FC combines two decisions of the available

spectrum of two PUs and then broadcasts this combination to all the CUs in

two layers. Based on the known spectrum information at a CU, the spectrum

information of the PU in another layer can be extracted. It can be seen that

the signalling number for the spectrum information is reduced by half with a

simple XOR operator in the proposed scheme when compared with the con-

21The conventional CSS scheme for a cognitive radio layer is de�ned as the scheme where

there is no combination of the local and global decision at the CUs in the BW phase.
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ventional scheme22. Thus, the system throughput is considerably improved,

especially when the number of frequency bands in the wide-band channel is

large. This accordingly con�rms that the proposed simple XOR operator in

the NC-based CSS scheme is e�cient.

The rest of the chapter is organized as follows: Section 5.2 describes the

implementation of LSS at each CU in a cognitive wireless relay network; The

proposed CSS schemes for a cognitive radio layer and for two cognitive radio

layers in the three-hop CWRN are presented in Section 5.3; Section 5.4 presents

the performance analysis of CSS schemes over Rayleigh �at fading channels;

Numerical results are given in Section 5.5, and �nally Section 5.6 draws the

conclusions from the chapter.

5.2 Local Spectrum Sensing
.  .  .

.  .  .
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Figure 5.1: System model of three-hop cognitive wireless relay network.

Fig. 5.1 illustrates the system model of the three-hop cognitive wireless

relay network under investigation. The data transmission from source node

S to destination node D is accomplished with the assistance of two layers

of relay nodes which are referred to as CUs. It is assumed that there are

22The conventional CSS scheme for two cognitive radio layers is de�ned as the process of

eight phases, including six phases for the CSS of two layers and two phases at the FC for

the exchange of spectrum information between two layers.
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two PUs, namely PU1 and PU2, in the network and each CU is within the

transmission range of one PU. For convenience, let N1 and N2 denote the

number of CUs in the �rst and second layer, respectively. Accordingly, the

CUs in two layers can be represented as CR(N1) = {CR1,1, CR1,2, . . . , CR1,N1}

and CR(N2) = {CR2,1, CR2,2, . . . , CR2,N2}. The two PUs are assumed to op-

erate in a wide-band channel including K non-overlapping frequency bands

f1, f2, . . . , fK . A spectrum indicator vector (SIV) of length K (in bits) is used

to report the availability of frequency bands in the transmission range of each

PU where bits `0' and `1' represent the frequency band being utilized or avail-

able, respectively. The CSS of two cognitive radio layers is carried out over

a common FC (see Fig. 5.2). The channels for all links are assumed to be

Rayleigh �at fading. The channel gains for the SS links PU i → CRi,j, the RP

links CRi,j → FC and the BW links FC → CRi,j, i = 1, 2, j = 1, 2, . . . , Ni, are

denoted by hPiCi,j
, hCi,jF and hFCi,j

, respectively. All the channels are assumed

to be time-invariant over the whole transmission of both the data and the SIV,

and assumed to be known to all the nodes in the network.
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.  .  .
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Figure 5.2: Sensing process in cognitive wireless relay network.

Over the SS channel, the received signal at CRi,j, i = 1, 2, j = 1, 2, . . . , Ni,

can be expressed as

r
(SS)
i,j =

hPiCi,j
xi + n

(SS)
i,j , H(PU i)

1 ,

n
(SS)
i,j , H(PU i)

0 .

(5.1)
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where xi
23 is the transmitted signal from PU i and n

(SS)
i,j is the independent

circularly symmetric complex Gaussian (CSCG) noise vector at CRi,j over

the SS channel. Here, H(PU i)
1 = {H(PU i)

1,1 ,H(PU i)
1,2 , . . . ,H(PU i)

1,K } and H(PU i)
0 =

{H(PU i)
0,1 ,H(PU i)

0,2 , . . . ,H(PU i)
0,K } denote the hypothesis that the frequency bands

are occupied by PU i and the hypothesis that the frequency bands are available

for CUs, respectively. It is noticed that the vectors in (5.1) have lengthK which

corresponds to the number of frequency bands in the wide-band channel.

Then, following an energy detection rule for unknown signals over fading

channels [163], CRi,j can detect the usage of a k-th frequency band, k =

1, 2, . . . , K, at PU i by comparing the energy of the received signal r
(SS)
i,j [k] at

the k-th frequency band with a corresponding energy threshold Ei,j[k], i.e.

E0

[
r
(SS)
i,j [k]

]
≷H

(CRi,j)

1,k

H
(CRi,j)

0,k

Ei,j[k], (5.2)

where E0[.] represents the energy measurement of a signal. Here, H(CRi,j)
1,k

and H(CRi,j)
0,k denote the estimated hypotheses at CRi,j that the k-th frequency

band is occupied and unoccupied, respectively, by PU i. Let s
(SS)
i,j denote the

local SIV estimated at CRi,j over the SS channel hPiCi,j
. The k-th element,

k = 1, 2, . . . , K, of s
(SS)
i,j can be mathematically formulated as

s
(SS)
i,j [k] =

0, if E0

[
r
(SS)
i,j [k]

]
> Ei,j[k], i.e. H

(CRi,j)
1,k ,

1, otherwise, i.e. H(CRi,j)
0,k .

(5.3)

5.3 Cooperative Spectrum Sensing for Cogni-

tive Relay Networks

This section �rst presents the proposed CSS scheme for a cognitive radio layer

in a three-hop CWRN in contrast with the conventional scheme. The spectrum

sensing of two cognitive radio layers in the whole system is then taken into

consideration with the proposed NC-based CSS scheme for the exchange of

spectrum information between two layers of CUs.

23Note that a lower-case bold letter will be used to denote a vector throughout this chapter.
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5.3.1 Proposed CSS Scheme for A Group of Cognitive

Radio Users

For simplicity, this subsection investigates the CSS scheme performed at only

one layer of CUs, e.g. CR(N1). The CSS scheme for the remaining cognitive

radio layer, CR(N2), can be similarly obtained24. The proposed CSS scheme

consists of three phases, which can be described as follows:

Sensing Phase

In the SS phase, each CU carries out the LSS over the SS channel. Speci�cally,

CR1,j, j = 1, 2, . . . , N1, locally senses the available frequency bands of PU1 over

the SS channel hP1C1,j
, and then makes a binary decision in terms of an SIV

denoted by s
(SS)
1,j (see (5.3)).

Reporting Phase

In the CSS scheme, the spectrum sensing at the CUs is carried out in a coop-

erative manner with the help of an FC. Over the RP channels, each CU CR1,j,

j = 1, 2, . . . , N1, forwards the local estimated SIV, i.e. s
(SS)
1,j , to FC25. The

received signals at FC from CR1,j can be written by

r
(RP )
1,j =

√
Λ1,jhC1,jFx

(SS)
1,j + n

(RP )
1,j , (5.4)

where Λ1,j is the transmission power of CR1,j, x
(SS)
1,j is the binary phase shift

keying (BPSK) modulated version of s
(SS)
1,j , and n

(RP )
1,j is the independent CSCG

noise vector at FC over the RP channel with each entry having zero mean and

variance of N0.

Then, FC processes to decode the received signals from each CR1,j, j =

1, 2, . . . , N1. Let s
(RP )
1,j denote the decoded SIV at FC from CR1,j over the RP

channel. Combining all the decoded SIVs {s(RP )
1,j } from all the cognitive radio

24Note that the CSSs for two layers of CUs can be carried out simultaneously.
25Note that speci�c RP channels are used in the RP phase to avoid collision with PU.
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users {CR1,j}, FC makes a global decision using the following OR rule26:

sFC1 [k] =

0, if
∑N1

j=1 s
(RP )
1,j [k] < N1, i.e. H(FC1)

1,k ,

1, otherwise, i.e. H(FC1)
0,k ,

(5.5)

where sFC1 of length K denotes the global SIV estimated at FC for the �rst

cognitive radio layer, k = 1, 2, . . . , K, and H(FC1)
1,k and H(FC1)

0,k denote the esti-

mated hypotheses at FC of the k-th frequency band occupied and unoccupied,

respectively, by PU1. Note that, in (5.5), the decision of the availability of the

frequency bands at FC follows the principle of the OR rule, i.e. FC decides the

k-th frequency band being utilized by PU1 (i.e. H(FC1)
1,k ) when at least one SIV

(i.e. s
(RP )
1,j ) out of N1 SIVs indicates the k-th frequency band being unavailable

(i.e. H(CR1,j)
1,k or s

(RP )
1,j [k] = 0), and otherwise, FC decides the k-th frequency

band being available.

Backward Phase

In the BW phase, the FC broadcasts the global SIV to all CUs over BW

channels. The received signal at CR1,j, j = 1, 2, . . . , N1, can be written by

r
(BW )
1,j =

√
ΛFChFC1,j

xFC1 + n
(BW )
1,j , (5.6)

where ΛFC is the transmission power of FC, xFC1 is the BPSK modulated

version of sFC1 , and n
(BW )
1,j is the independent CSCG noise vector at CR1,j

over the BW channel with each entry having zero mean and variance of N0.

Then, CR1,j decodes the received signal from FC as s
(BW )
1,j .

In the proposed CSS scheme, each CU combines its local SIV determined

in the SS phase (i.e. s
(SS)
1,j ) with the global SIV received from the FC in the

BW phase (i.e. s
(BW )
1,j ) using the OR rule as follows:

sCR1,j
[k] =

0, if
(
s
(SS)
1,j [k] + s

(BW )
1,j [k]

)
< 2, i.e. H̄(CR1,j)

1,k ,

1, otherwise, i.e. H̄(CR1,j)
0,k ,

(5.7)

26The decision of spectrum availability at FC can follow various rules, such as OR, AND

and majority rule. However, the OR rule was shown in [164] to give the best CSS performance

compared to the AND and majority rules. Thus, in this chapter, the OR rule is applied to

the global detection at FC.
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where sCR1,j
denotes the �nal SIV at CR1,j, k = 1, 2, . . . , K, and H̄(CR1,j)

1,k and

H̄(CR1,j)
0,k denote the globally estimated hypotheses at CR1,j, j = 1, 2, . . . , N1,

of the k-th frequency band occupied and unoccupied, respectively, by PU1,

considering both the local and global SIVs.

Remark 5.1 (Higher Reliability in Spectrum Sensing). The proposed CSS

scheme can determine the availability of frequency bands more reliably than the

conventional scheme. In the conventional CSS scheme, the global SIV received

at the CUs from the FC is also the �nal SIV. This means that the decision at the

CUs using the conventional scheme depends totally on the decision at the FC.

Instead, in the proposed scheme, the �nal SIV at the CUs is the combination of

two SIVs obtained from the LSS at the CUs and the CSS at the FC. As shown

in (5.7), the hypothesis H̄(CR1,j)
0,k is decided by sCR1,j

[k] = 1 if s
(SS)
1,j [k] = 1 and

s
(BW )
1,j [k] = 1, which correspond to the hypotheses H(CR1,j)

0,k and H(FC1)
0,k . It can

be seen that the frequency bands are �nally determined to be available at the

CUs only if both the LSS and CSS indicate that PU1 does not occupy these

frequency bands. Therefore, the probability of missed detection is reduced.

5.3.2 Proposed NC Based CSS Scheme for Two Groups

of Cognitive Radio Users

This subsection investigates a three-hop CWRN consisting of a source node

S, a destination node D and two layers of CUs CR(N1) and CR(N2), which

are in the transmission range of PU1 and PU2, respectively (see Fig. 5.1). In

order to realize a continuous transmission from S to D with the assistance of

CR(N1) and CR(N2) in the three-hop CWRN, the spectrum can be shared in

a cooperative manner to e�ciently exploit the frequency bands that are not

occupied by PU1 and PU2. Thus, all the CUs in two layers are required to

sense the spectrum holes of both PUs.

The CSS scheme for each cognitive radio layer, as previously presented,

consists of three phases to detect the available spectrum in the coverage of

the corresponding PU. In order to help two cognitive radio layers know the
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spectrum information of each other, the conventional scheme requires two ad-

ditional phases at FC to forward the global SIV of a cognitive radio layer

to another layer, i.e. FC sequentially forwards sFC1 and sFC2 to CR(N2) and

CR(N1), respectively. Accordingly, this results in a total of eight phases in

the conventional CSS scheme for two layers of CUs in the three-hop CWRN.

Exploiting the XOR operator, an NC-based CSS scheme is proposed for two

cognitive radio layers to reduce the exchange time of the SIVs between CR(N1)

and CR(N2). The proposed CSS scheme for two cognitive radio layers consists

of seven phases as follows: SS, RP and BW phases for CR(N1); SS, RP and BW

phases for CR(N2); and an exchange (EX) phase between CR(N1) and CR(N2).

Following the proposed CSS scheme for each layer of CUs in the �rst six

phases, the �nal SIV at CRi,j, i = 1, 2, j = 1, 2, . . . , Ni, and the global SIV at

FC for the i-th cognitive radio layer are given by sCRi,j
and sFCi

, respectively.

In the EX phase of the proposed NC-based CSS scheme, FC combines the

global SIVs determined after two RP phases for two cognitive radio layers, i.e.

sFC1 and sFC2 , as

sFC = sFC1 ⊕ sFC2 , (5.8)

where ⊕ denotes the XOR operator and sFC is the XOR-based combined SIV

at FC. Then, FC forwards sFC to all CUs in two layers. The received signal

at each CU CRi,j, i = 1, 2, j = 1, 2, . . . , Ni, can be written as

r
(EX)
i,j =

√
ΛFChFCi,j

xFC + n
(EX)
i,j , (5.9)

where xFC is the BPSKmodulated version of sFC , and n
(EX)
i,j is the independent

CSCG noise vector at CRi,j in the EX phase with each entry having zero mean

and variance of N0. Then, CRi,j decodes the received signal as s
(EX)
i,j . Note

that the decoded signal at CRi,j of the transmitted signal sFCi
in the BW

phase is given by s
(BW )
i,j (see (5.6)). Thus, CRi,j in the i-th cognitive radio

layer can detect the spectrum information of the ī-th cognitive radio layer,

ī = 1, 2, ī ̸= i, with the XOR operator, i.e.

s
(̄i)
CRi,j

= s
(EX)
i,j ⊕ s

(BW )
i,j , (5.10)
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where s
(̄i)
CRi,j

denotes the global SIV of the ī-th cognitive radio layer estimated

at CRi,j.

Remark 5.2 (Higher System Throughput with NC ). The proposed NC-based

CSS scheme for two cognitive radio layers in the three-hop CWRN achieves

a higher system throughput than the conventional CSS scheme. Let T
(SS)
i,j

and T
(RP )
i,j denote the local sensing time and reporting time, respectively, for

a frequency band at the j-th CU in the i-th cognitive radio layer, i = 1, 2,

j = 1, 2, . . . , Ni. Also, let T
(BW ) and T (EX) denote the backward time and the

exchange time, respectively, at FC for a frequency band. It can be seen that the

conventional CSS scheme requires a total time of [K(
∑2

i=1

∑Ni

j=1 T
(SS)
i,j + T

(RP )
i,j )

+2KT (BW ) + 2KT (EX)] whilst the total time in the proposed CSS scheme is

[K(
∑2

i=1

∑Ni

j=1 T
(SS)
i,j + T

(RP )
i,j ) +2KT (BW )+KT (EX)]. Thus, the proposed NC-

based CSS scheme reduces the time of spectrum sensing in the whole system by

KT (EX), which accordingly results in a higher system throughput.

5.4 Performance Analysis of CSS

This section investigates two performance metrics for spectrum sensing in

CWRNs including the missed detection probability27 (MDP) and the false

alarm probability28 (FAP). Speci�cally, this section derives the expressions of

MDP and FAP for the proposed CSS scheme over a practical scenario where

all the SS, RP and BW channels are characterised by Rayleigh �at fading

channels. For convenience, let P
(A)
m and P

(A)
f , A ∈ {CRi,j,FC}, i = 1, 2,

j = 1, 2, . . . , Ni, denote the MDP and FAP, respectively, at node A.

For the LSS at a CU CRi,j, i = 1, 2, j = 1, 2, . . . , Ni, the average FAP and

MDP of the k-th frequency band over the SS channels are given by [163]

P
(CRi,j)
f =Pr

{
H(CRi,j)

1,k |H(PU i)
0,k

}
=Pr

{
s
(SS)
i,j [k]=0|xi=0

}
=
Γ
(
µ,

Ei,j [k]
2

)
Γ (µ)

, (5.11)

27The missed detection probability is de�ned as the probability that a CU detects an

available frequency band given that a PU currently occupies that frequency for transmission.
28The false alarm probability is de�ned as the probability that a CU senses a frequency

band occupied by a PU given that the PU does not operate on that frequency band.
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P (CRi,j)
m = Pr

{
H(CRi,j)

0,k |H(PU i)
1,k

}
= Pr

{
s
(SS)
i,j [k] = 1|xi ̸= 0

}
= 1− e−

Ei,j [k]
2

µ−2∑
l=0

E l
i,j[k]

l!2l
−

(
1 + γ

(CRi,j)
PiCi,j

γ
(CRi,j)
PiCi,j

)µ−1

×

e−
Ei,j [k]

2

(
1+γ

(CRi,j)

PiCi,j

)
− e−

Ei,j [k]
2

µ−2∑
l=0

E l
i,j[k](γ

(CRi,j)
PiCi,j

)l

l!2l
(
1 + γ

(CRi,j)
PiCi,j

)l
 ,

(5.12)

respectively, where µ is the time-bandwidth product, γ
(CRi,j)
PiCi,j

is the average

signal-to-noise ratio (SNR) at CRi,j over the SS channel hPiCi,j
, and Γ[a, b] is

the upper incomplete gamma function de�ned as Γ[a, b] ,
´∞
b

ta−1e−tdt [134].

Now, analyse the CSS scheme performed at only one layer of CUs, e.g.

CR(N1). The analysis of the CSS scheme for the remaining cognitive radio

layer, CR(N2), can be similarly obtained. In the CSS scheme, each CU forwards

the sensing information to FC over the RP channels. The FC then decodes all

the received information and makes a global decision based on the OR rule.

The FAP and MDP at the FC can be written as

P
(FC1)
f = Pr

{
H(FC1)

1,k |H(PU1)
0,k

}
= Pr {sFC1 [k] = 0|x1 = 0} , (5.13)

P (FC1)
m = Pr

{
H(FC1)

0,k |H(PU1)
1,k

}
= Pr {sFC1 [k] = 1|x1 ̸= 0} , (5.14)

respectively. From (5.5), (5.13) and (5.14) can be rewritten as

P
(FC1)
f = 1−

N1∏
j=1

Pr
{
s
(RP )
1,j [k] = 1|x1 = 0

}
, (5.15)

P (FC1)
m =

N1∏
j=1

Pr
{
s
(RP )
1,j [k] = 1|x1 ̸= 0

}
. (5.16)

Thus, if considering an ideal case where the RP channels are error-free, i.e.

s
(RP )
1,j = s

(SS)
1,j , from (5.11) and (5.12), the FAP and MDP at the FC can be

written as

P
(FC1,error-free)
f = 1−

N1∏
j=1

(
1− P

(CR1,j)
f

)
, (5.17)

P (FC1,error-free)
m =

N1∏
j=1

P (CR1,j)
m , (5.18)

respectively. However, the RP channels su�er from fading and noise.
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Over a Rayleigh �at fading channel hAB, the bit error rate (BER) for the

transmission of BPSK modulated signal is given by [120]

Pb(EAB) = ϕ(γ), (5.19)

where γ is the average SNR and ϕ(x) , 1
2

(
1−

√
x

1+x

)
. Thus, taking into

account the noisy RP channels
{
hC1,jF

}
, j = 1, 2, . . . , N1, the FAP and MDP

at the FC are given by [159]

P
(FC1)
f =1−

N1∏
j=1

[(
1−P

(CR1,j)
f

) (
1−Pb(EC1,jF )

)
+P

(CR1,j)
f Pb(EC1,jF )

]
, (5.20)

P (FC1)
m =

N1∏
j=1

[
P (CR1,j)
m

(
1− Pb(EC1,jF )

)
+
(
1− P (CR1,j)

m

)
Pb(EC1,jF )

]
, (5.21)

respectively. Here, Pb(EC1,jF ) = ϕ(γ
(FC)
C1,jF

) (see (5.19)), where γ
(FC)
C1,jF

denotes

the SNR at FC over the RP channel hC1,jF .

Then, in order to help each CU decide the availability of the spectrum,

the FC needs to forward its decision to all the CUs over the BW channels.

In the proposed CSS scheme, CR1,j, j = 1, 2, . . . , N1, ORs its local SIV with

the global SIV received from FC to make a �nal decision. Let P
′(CR1,j)
f and

P
′(CR1,j)
m denote the FAP and MDP of the �nal decision at CR1,j over the BW

channels. Similarly, P
′(CR1,j)
f and P

′(CR1,j)
m can be derived as

P
′(CR1,j)
f = Pr

{
H̄(CR1,j)

1,k |H(PU1)
0,k

}
= Pr

{
sCR1,j

[k] = 0|x1 = 0
}
, (5.22)

P
′(CR1,j)
m = Pr

{
H̄(CR1,j)

0,k |H(PU1)
1,k

}
= Pr

{
sCR1,j

[k] = 1|x1 ̸= 0
}
. (5.23)

From (5.7), (5.22) and (5.23) can be rewritten as

P
′(CR1,j)
f = 1− Pr

{
s
(SS)
1,j [k] = 1|x1 = 0

}
Pr
{
s
(BW )
1,j [k] = 1|x1 = 0

}
, (5.24)

P
′(CR1,j)
m = Pr

{
s
(SS)
1,j [k] = 1|x1 ̸= 0

}
Pr
{
s
(BW )
1,j [k] = 1|x1 ̸= 0

}
. (5.25)

In the situation that there is no error in the BW phase, i.e. s
(BW )
1,j = sFC1 ,

substituting (5.11), (5.12), (5.13) and (5.14) into (5.24) and (5.25), the FAP

and MDP can be obtained as

P
′(CR1,j ,error-free)
f = 1−

(
1− P

(CR1,j)
f

)(
1− P

(FC1)
f

)
, (5.26)

164



5.4. Performance Analysis of CSS Chapter 5. NC Based Spectrum Sensing

P
′(CR1,j ,error-free)
m = P (CR1,j)

m P (FC1)
m . (5.27)

However, in practice, the BW channels also su�er from fading and noise. Thus,

the FAP and MDP at CR1,j, j = 1, 2, . . . , N1, over the noisy BW channels

hFC1,j
can be written as

P
′(CR1,j)
f =1−

[(
1− P

(CR1,j)
f

) (
1− Pb(EFC1,j

)
)
+ P

(CR1,j)
f Pb(EFC1,j

)
]

×
[(

1− P
(FC1)
f

) (
1− Pb(EFC1,j

)
)
+ P

(FC1)
f Pb(EFC1,j

)
]
,

(5.28)

P
′(CR1,j)
m =

[
P (CR1,j)
m

(
1− Pb(EFC1,j

)
)
+
(
1− P (CR1,j)

m

)
Pb(EFC1,j

)
]

×
[
P (FC1)
m

(
1− Pb(EFC1,j

)
)
+
(
1− P (FC1)

m

)
Pb(EFC1,j

)
]
,

(5.29)

respectively, where Pb(EFC1,j
) = ϕ(γ

(CR1,j)
FC1,j

) and γ
(CR1,j)
FC1,j

denotes the SNR at

CR1,j over the BW channel hFC1,j
.

Corollary 5.1. For identical SS and RP channels, i.e. γ
(CR1,j)
PC1,j

, γ
(SS)
1 and

γ
(FC1)
C1,jF

, γ
(RP )
1 , j = 1, 2, . . . , N1, all CUs achieve the same FAP and MDP in

the LSS process, i.e. P
(CR1,j)
f , P

(CR1)
f and P

(CR1,j)
m , P

(CR1)
m , and the BERs

of all the RP channels are identical, i.e. Pb(EC1,jF ) , Pb(EC1F ) = ϕ(γ
(RP )
1 ).

Then, the FAP at CR1,j over the BW channels is lower-bounded by P
′(CR1,j)
f,0 ,

where

P
′(CR1,j)
f,0 = 1− (1−N1Pb(EC1F ))

(
1− Pb(EFC1,j

)
)2

−N1Pb(EC1F )Pb(EFC1,j
)
(
1− Pb(EFC1,j

)
)
.

(5.30)

Proof. From (5.28), the FAP at CR1,j, j = 1, 2, . . . , N1, over the BW channels

can be rewritten as

P
′(CR1,j)
f = 1−

(
1− P

(CR1,j)
f

)(
1− P

(FC1)
f

) (
1− Pb(EFC1,j

)
)2

−Pb(EFC1,j
)(1−Pb(EFC1,j

))
[
P

(CR1,j)
f +P

(FC1)
f −2P

(CR1,j)
f P

(FC1)
f

]
−P

(CR1,j)
f P

(FC1)
f (Pb(EFC1,j

))2.

(5.31)

It can be seen that the FAP of the CSS scheme is lower-bounded if the FAP

of the LSS scheme approaches zero. Let P
′(CR1,j)
f,0 denote the lower bound of

P
′(CR1,j)
f . Then

P
′(CR1,j)
f,0 = lim

P
(CR1)
f →0

P
′(CR1,j)
f . (5.32)
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Since P
(CR1,j)
f = P

(CR1)
f , P

(CR1,j)
m = P

(CR1)
m and Pb(EC1,jF ) = Pb(EC1F ), ∀j =

1, 2, . . . , N1, from (5.20), the FAP at the FC is rewritten by

P
(FC1)
f = 1−

[(
1− P

(CR1)
f

)
(1− Pb(EC1F )) + P

(CRj)
f Pb(EC1F )

]N1

, (5.33)

and lower-bounded by

P
(FC1)
f,0 = lim

P
(CR1)
f →0

P
(FC1)
f = 1− (1− Pb(EC1F ))

N1 ≈ N1Pb(EC1F ). (5.34)

Thus, from (5.32), P
′(CR1,j)
f,0 can be computed by

P
′(CR1,j)
f,0 = 1−

(
1− P

(FC1)
f,0

) (
1− Pb(EFC1,j

)
)2

− Pb(EFC1,j
)(1− Pb(EFC1,j

))P
(FC1)
f,0 .

(5.35)

Substituting (5.34) into (5.35), P
′(CR1,j)
f,0 can be obtained as

P
′(CR1,j)
f,0 = 1− (1−N1Pb(EC1F ))

(
1− Pb(EFC1,j

)
)2

−N1Pb(EC1F )Pb(EFC1,j
)
(
1− Pb(EFC1,j

)
)
.

(5.36)

The corollary is proved.

Remark 5.3 (Improved MDP and Higher Lower-Bound of FAP with Increased

Number of Cognitive Radio Users). The proposed CSS scheme improves the

MDP at the CUs and increases the lower bound of the FAP when the number

of CUs increases. In fact, from (5.21), it can be seen that P
(FC1)
m monotoni-

cally decreases over N1. Thus, P
′(CR1,j)
m , j = 1, 2, . . . , N1, given by (5.29) is a

decreasing function over N1. This means that the MDP at CR1,j is improved

as the number of CUs increases. In addition, from (5.30), it can be proved

that P
′(CR1,j)
f,0 monotonically increases over N1. In other words, the increased

number of CUs results in the higher lower bound of the FAP at CR1,j. This

observation will be con�rmed later in the numerical results where the FAP at

CR1,j is limited by the lower threshold and the MDP increases quickly to one

as the FAP approaches this threshold.

Remark 5.4 (Improved Sensing Performance with The Proposed CSS Scheme).

The proposed CSS scheme at the CUs achieves an improved performance over

166



5.5. Numerical and Simulation Results Chapter 5. NC Based Spectrum Sensing

the conventional scheme in terms of MDP. In fact, following the conventional

CSS scheme, the �nal SIV at the CUs is obtained from the global SIV at the

FC, which means that sCR1,j
, j = 1, 2, . . . , N1, depends totally on sFC1. Thus,

the MDP of the conventional CSS scheme at CR1,j is given by

P
′(CR1,j ,conventional)
m = P (FC1)

m

(
1− Pb(EFC1,j

)
)
+
(
1− P (FC1)

m

)
Pb(EFC1,j

), (5.37)

where P
(FC1)
m is given by (5.21). Let G denote the performance gain achieved

with the proposed CSS scheme compared with the conventional scheme. G is

therefore evaluated as

G , P
′(CR1,j)
m

P
′(CR1,j ,conventional)
m

. (5.38)

From (5.29) and (5.37), G is obtained as

G = P (CR1,j)
m

(
1− Pb(EFC1,j

)
)
+
(
1− P (CR1,j)

m

)
Pb(EFC1,j

). (5.39)

It can be seen that G < 1 for all P
(CR1,j)
m , P

(FC1)
m and Pb(EFC1,j

). In other

words, independent of the LSS at the CUs, the CSS at the FC, and the quality

of the BW channels, the proposed CSS scheme achieves a lower MDP than

the conventional scheme. Additionally, a signi�cant gain is achieved with the

proposed scheme (i.e. a much lower G) when either the BW channels is at

high SNR (i.e. a very low Pb(EFC1,j
)) or the LSS at the CUs is very reliable

(i.e. a very low P
(CR1,j)
m ).

5.5 Numerical and Simulation Results

This section presents numerical and simulation results of the MDP and FAP

using various spectrum sensing schemes. The results are obtained by using

a Monte Carlo simulation method in MATLAB. Speci�cally, the relationship

between the MDP and the FAP is represented by the complementary receiver

operating characteristic (CROC), which is de�ned as the MDP versus the

FAP29.
29The receiver operating characteristic (ROC) is de�ned as the probability of correct

detection versus the probability of false detection, and thus it can be equivalently de�ned

the CROC as the MDP versus the FAP [163].
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Figure 5.3: Local spectrum sensing performance at a CU (CR1,1) with various

SNR values of the SS channel (γ
(CR1,1)
P1C1,1

).

Fig. 5.3 shows the CROC curves of the spectrum sensing at a CU with

respect to various SNR values of the SS channel. In this �gure, LSS is employed

at the CU based on energy detection. Without any loss of generality, the �rst

CU in the �rst cognitive radio layer (i.e. CR1,1) is considered. It is assumed

that the time-bandwidth product µ = 5 and the average SNR at CR1,1 over

the SS channel hP1C1,1 (i.e. γ
(CR1,1)
P1C1,1

) varies in {0, 5, 10, 15, 20} dB. It can be

seen that the sensing performance deteriorates when γ
(CR1,1)
P1C1,1

decreases. Thus,

the LSS at the CU is limited when the SS channel between the PU and the CU

su�ers severe fading, especially in hidden terminal problems with shadowing.

Now, the CSS for a cognitive radio layer with the assistance of an FC is

investigated. In Fig. 5.4, the CROC of the CSS at the FC is plotted for various

SNR values of the RP channel. Assume that the CSS is carried out at FC for

the �rst layer of CUs which includes 2 CUs, i.e. CR1,1 and CR1,2. The SNRs

of the SS channels γ
(CR1,1)
P1C1,1

and γ
(CR1,2)
P1C1,2

are assumed to be 10 dB and the SNRs

of the RP channels γ
(FC)
C1,1F

and γ
(FC)
C1,2F

are assumed to be equal and vary in

{0, 5, 10, 15, 20} dB. It can be observed that improved performance is achieved

when the SNR of the RP channels increases. With the same model including
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Figure 5.4: Cooperative spectrum sensing performance at FC with 2 CUs,
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Figure 5.5: Cooperative spectrum sensing performance at FC with 2 CUs,

γ
(FC)
C1,1F

= γ
(FC)
C1,2F

= 10 dB and γ
(CR1,1)
P1C1,1

= γ
(CR1,2)
P1C1,2

.

2 CUs, the e�ect of the quality of the SS channels on the CROC at the FC

is illustrated in Fig. 5.5 where it is assumed that γ
(FC)
C1,1F

= γ
(FC)
C1,2F

= 10 dB

and γ
(CR1,1)
P1C1,1

= γ
(CR1,2)
P1C1,2

∈ {0, 5, 10, 15, 20} dB. Similarly, it can be seen that

improved performance is achieved when the SNR of the SS channels increases.
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Figure 5.6: Cooperative spectrum sensing performance at FC with γ
(CR1,j)
P1C1,j

=

γ
(FC)
C1,jF

= 10 dB, j = 1, 2, . . . , N1, and various number of CUs (N1).

Additionally, Fig. 5.6 considers the e�ects of the number of cognitive radio

users in the �rst cognitive radio layer on the sensing performance at the FC.

The SNRs of the SS and RP channels are assumed to be 10 dB and the number

of CUs, i.e. N1, is assumed to vary in {2, 4, 6, 8, 10}. It is observed that the

sensing performance is improved with increased number of CUs. It is noted

that the CROC curves in Figs. 5.4, 5.5 and 5.6 correspond to the sensing

performance at the FC in which the SS channels from the PC to the CUs and

the RP channels from the CUs to the FC are both assumed to su�er from

Rayleigh fading channels. However, in practice, the transmission of the global

decision from the FC to the CUs su�ers from the fading of the BW channels,

that may result in a poor sensing performance at the CUs compared to the

sensing performance at the FC.

In Fig. 5.7, the CSS performance at a CU using the proposed scheme is il-

lustrated with respect to various SNR values of the BW channel. It is assumed

that there are 2 CUs in the �rst layer, i.e. CR1,1 and CR1,2 and the CROC

curves are corresponding to the sensing performance at CR1,1. The SNRs

of the SS and RP channels are assumed to be γ
(FC)
C1,1F

= γ
(FC)
C1,2F

= γ
(CR1,1)
P1C1,1

=
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Figure 5.7: Cooperative spectrum sensing performance at a CU (CR1,1) over

backward links with 2 CUs, γ
(CR1,1)
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Figure 5.8: Cooperative spectrum sensing performance at a CU (CR1,1) over

backward links with γ
(CR1,j)
P1C1,j

= γ
(FC)
C1,jF

= γ
(CR1,j)
FC1,j

= 10 dB, j = 1, 2, . . . , N1 and

various number of CUs (N1).

γ
(CR1,2)
P1C1,2

= 10 dB and the SNR of the BW channel, i.e. γ
(CR1,1)
FC1,1

, is assumed

to vary in {0, 5, 10, 15, 20} dB. It can be seen that the sensing performance
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at CR1,1 is signi�cantly reduced when γ
(CR1,1)
FC1,1

decreases. This observation re-

�ects the e�ects of the BW channels on the CSS performance. Additionally,

the analytical results are shown to match the simulation results. In order to

investigate the e�ects of number of CUs on the CSS performance, Fig. 5.8

illustrates the CROC curves of the CSS at CR1,1 with respect to various num-

bers of CUs. The SNRs of the SS, RP and BW channels are assumed to be 10

dB and the number of CUs (i.e. N1) is assumed to be in {2, 4, 6, 8, 10}. It is

observed that the MDP is lower and the lower-bound of FAP is higher when N1

increases. This observation con�rms the statements in Remark 5.3 regarding

the improved MDP and higher lower-bound of FAP with the increased number

of CUs in the proposed scheme.
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Figure 5.9: Comparison of two cooperative spectrum sensing schemes over

backward links with 2 CUs, γ
(CR1,1)
P1C1,1

= γ
(CR1,2)
P1C1,2

= γ
(FC)
C1,1F

= γ
(FC)
C1,2F

= 10 dB and

various γ
(CR1,1)
FC1,1

.

For the comparison between the proposed CSS scheme and the conventional

scheme, Fig. 5.9 shows the CROC of both CSS schemes with respect to various

SNR values of the BW channel. The CROC curves are plotted for the CSS at

CR1,1 in the �rst cognitive radio layer including 2 CUs, i.e. CR1,1 and CR1,2.

The SNRs of the SS, RP and BW channels are assumed as follows: γ
(FC)
C1,1F

=
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γ
(FC)
C1,2F

= γ
(CR1,1)
P1C1,1

= γ
(CR1,2)
P1C1,2

= 10 dB and γ
(CR1,1)
FC1,1

∈ {0, 10, 20} dB. It can be seen

that the proposed CSS scheme achieves improved sensing performance than the

conventional scheme for all SNR values of the BW channels. This observation

con�rms the statements in Remarks 5.1 and 5.4 about the improved reliability

of spectrum sensing with the proposed CSS scheme. In fact, in the proposed

scheme, the combination of the LSS and CSS at the CU results in better

sensing performance at the CUs.
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Figure 5.10: Comparison of two cooperative spectrum sensing schemes over

backward links with γ
(CR1,j)
P1C1,j

= γ
(FC)
C1,jF

= γ
(CR1,j)
FC1,j

= 10 dB, j = 1, 2, . . . , N1 and

various number of CUs (N1).

Investigating the e�ects of the number of CUs on the sensing performance,

Fig. 5.10 plots the CROC of both the proposed CSS scheme and the conven-

tional scheme with respect to various number of CUs (i.e. N1). It is assumed

that the SNRs of the SS, RP and BW channels are 10 dB, and N1 in {2, 6, 10}.

Similarly, it can be observed that the proposed scheme achieves improved per-

formance over the conventional scheme for all values of N1. This also con�rms

the statements in Remarks 5.1 and 5.4 about the improved sensing performance

with the proposed CSS scheme.

Taking into consideration the MDP, Figs. 5.11 and 5.12 plot the MDP of
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Figure 5.12: MDP of cooperative spectrum sensing over N1 with γ
(CR1,j)
P1C1,j

=

γ
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C1,jF

= 10 dB, j = 1, 2, . . . , N1 and various SNRs of backward links.

various CSS schemes versus SNR of the BW channels and versus number of

CUs, respectively. In Fig. 5.11, the SNRs of the SS and RP channels are 10 dB,

and N1 in {2, 10}. It can be seen that the proposed scheme achieves a much

lower MDP than the conventional scheme. For example, an 8 dB improvement
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is achieved with the proposed scheme for a MDP of 10−2 and N1 = 10. The

e�ectiveness of the proposed scheme is further con�rmed in Fig. 5.12 where

the MDP of both the proposed CSS scheme and the conventional scheme is

plotted over the number of CUs. The SNRs of the SS and RP channels are 10

dB, while the SNRs of the BW channels are in {10, 20} dB. It is observed that

the MDP of the proposed scheme is improved over that of the conventional

scheme for any value of either N1 or SNR of the BW links. Speci�cally, for

a SNR of BW channels of 20 dB, the proposed scheme achieves an MDP of

10−2 with 4 CUs while 6 CUs are required to achieve the same MDP using the

conventional scheme. The aforementioned observations from Figs. 5.11 and

5.12 con�rm the statements in Remarks 5.1 and 5.4 regarding a better MDP

with the proposed CSS scheme.

5.6 Conclusions

This chapter has proposed two CSS schemes for three-hop CWRNs. Exploiting

both the local decisions at the CUs and global decisions at the FC, an improved

sensing performance is achieved with the �rst proposed scheme. An analysis of

the probabilities of missed detection and false alarm has been carried out with

respect to the SNRs of SS, RP and BW channels. The derived expressions

re�ect well the impact of the quality of the SS, RP and BW links upon the

sensing performance and con�rm the improvement of sensing reliability with

the proposed scheme. Moreover, for the exchange of spectrum information

between two cognitive radio layers, an NC-based CSS scheme has been pro-

posed to reduce the number of signallings for a higher system throughput. In

addition, simulations have been provided which have con�rmed the analytical

results.
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Chapter 6

Distributed Space-Time-Frequency

Block Coding

In previous chapters, network coding has been exploited to reduce the sig-

nalling overheads for an improved system throughput in cognitive wireless relay

networks (CWRNs). As another approach for high-throughput relay commu-

nications, this chapter considers the application of space-time coding to the

cooperative transmission in CWRNs over frequency-selective fading channels.

A new distributed space-time-frequency block code (DSTFBC) is proposed

for a two-hop nonregenerative CWRN, where a primary source node and N

secondary source nodes convey information data to their desired primary des-

tination node and N secondary destination nodes via two relay nodes. The

proposed DSTFBC is designed to achieve higher data rate, spatial diversity

gain and decoupling detection of data blocks at all destination nodes with a

low-complexity receiver structure. In the proposed DSTFBC, before forward-

ing the data received from various sources to the destination nodes, the relay

nodes precode the received signals with a precoding matrix, which is e�ectively

formulated to enable cooperative data transmission of all nodes in the CWRN.

Furthermore, the pairwise error probability analysis is provided to investigate

the achievable diversity gain of the proposed DSTFBC for two channel models

including the model where the links from the sources to the relays and from

the relays to the destinations are modeled by mixed Rayleigh-Rician fading
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and the model where all links are modelled by Rician fading. These two chan-

nel models allow to analyse three typical scenarios where the relays are in

the neighbourhood of either the sources or the destinations or the midpoint

between the source and destination nodes.

6.1 Introduction

Recently, the reliability of wireless communications has been greatly improved

by the use of diversity schemes to combat the detrimental e�ects of fading

channels. Space-time block codes (STBCs) [57, 58] are categorised as power-

ful transmit diversity techniques for multiple-input multiple-output (MIMO)

systems. With low-complexity maximum likelihood (ML) decodability and

high achievable diversity gain, STBCs are widely used for wireless communica-

tions. MIMO technology has gained attention in Long Term Evolution (LTE)-

Advanced and Worldwide Interoperability for Microwave Access (WiMAX)

wireless networks' standards [3]. Generally, STBCs are designed for co-located

antennas, and thus are easily deployed at the base station to improve the

performance of downlink transmission in mobile communication systems. For

uplink transmission, the realisation of STBCs is challenging due to the con-

straints on size and hardware complexity in mobile devices. Therefore, in order

to adapt the design of STBCs to the uplink transmission of single-antenna de-

vices, another form of diversity, which is known as cooperative diversity or

user cooperation, has been proposed in [4�6]. Cooperative diversity allows

single-antenna mobile users to share their antennas and cooperate to form a

virtual multiple-antenna system. In other words, the uplink communications

from the mobile station to the base station is realised in a cooperative manner

with cooperating mobile stations, also known as relay stations.

Distributed space-time block codes (DSTBCs) were �rst introduced in [7] as

a distributed implementation of the conventional STBCs for cooperative com-

munications. In [95], a DSTBC scheme was proposed for a two-hop amplify-

and-forward (AF) protocol based on the idea of linear dispersion space-time
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code [94]. In [97], a distributed orthogonal STBCs was designed to achieve

single-symbol ML decodability and full diversity order. DSTBC schemes were

mostly speci�ed for �at fading channels [93,95,97,165�167]. However, in many

current wireless communications systems, the fading channels are usually re-

garded as frequency-selective fading channels due to the accommodation of

high data-rate transmission. The designs of DSTBC in frequency selective

fading channels were investigated in [98] with decode-and-forward (DF) relay-

ing and in [100] with AF relaying for relay networks where there exists one

active relay node and a direct communication link between the source and the

�nal destination.

Motivated by relaying and diversity schemes for cooperative communica-

tions, cooperative spectrum sensing (CSS) was proposed in [48,156,159] to deal

with the hidden terminal problems in cognitive radio networks when the cog-

nitive users (CUs) are shadowed or under severe fading channels while their

nearby PUs are active. The CSS scheme not only helps the shadowed CUs

detect the PUs but also improves detection reliability. Furthermore, cooper-

ative diversity was incorporated into cognitive networks to construct a cogni-

tive wireless relay network (CWRN) for a seamless transmission by exploiting

some portions of the spectrum that may not be utilized by the PUs over a

period of time [162, 168�170]. In [168], the CUs perform the role of a relay

to assist the data transmission of the PU to increase their opportunities in

spectrum access. In [169], a cooperative diversity scheme was proposed for

CWRN where the CUs cooperatively send both the signal of the PU and their

own signals. In [162], the authors proposed a cognitive space-time-frequency

coding to maximize the spectrum opportunities in the CWRN. In [170], a co-

operative scheme was proposed to improve the secondary outage probability

by optimally selecting the best CU as the relay for the secondary data trans-

mission. In [171�174], various precoding schemes are proposed at the relay to

mitigate the interference at the receivers with the assumption that the cogni-

tive relay has non-causal access to the messages of all the transmitters, has

channel knowledge of the links between sources and relay and also the forward
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links of the relay are perfectly known at the relay.

Most of the literature discussed above on cooperative diversity for CWRN

has considered the transmission of either the PU or the CU over frequency-

nonselective fading channels for low data-rate communication [162, 168�170,

173]. However, in wide-band communications standards where the system is

required to operate at a high data rate, the multipath fading channels be-

come frequency selective. These channels cause severe attenuation in signal

strength and unreliable signal detection due to signi�cant inter-symbol inter-

ference. In these environments, the cooperative transmission of both the PU

and CUs in a CWRN over frequency-selective fading channels for wide-band

wireless communications has not previously been investigated. In addition,

the diversity gain of cooperative communication in a CWRN for the general

frequency-selective fading scenario where the relays are either in the neighbor-

hood of the sources or the destinations or the midpoint of the network has also

not been evaluated.

To provide a solution to these problems, this chapter designs a new dis-

tributed space-time-frequency block code (DSTFBC) for two-hop CWRNs over

frequency-selective fading channels using two active relay nodes with the AF

protocol. As shown in [6, 7], the AF relaying protocol is the best option in

cooperative communications to achieve the maximum diversity gain. In the

proposed DSTFBC, the relays help PU and SUs in the coverage of a CWRN

to transmit their own data to their interested destinations. Speci�cally, the

proposed DSTFBC operates as follows (see Fig. 6.1): In the �rst time slot,

primary source PS and N secondary sources {SS1,SS2, . . . ,SSN} send their

blocks of information data to two relays R1 and R2 using various available

frequency bands. In the proposed DSTFBC, one of two relays precodes its

received signals before sending to primary destination PD and N secondary

destinations {SD1,SD2, . . . ,SDN} in the second time slot. The precoding is

designed such that the decoupling detection of each data block is possible at

every destination. The main contributions in this chapter can be summarised

as follows:
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• With the proposed DSTFBC, a data rate of N + 1/N + 2 is achieved

while the application of distributed space-time block coding (DSTBC)

to the considered CWRNs with the employment of repetition code at the

source nodes (e.g. [100]) results in a lower rate of 1/3.

• The precoding matrix is proposed at the relays such that decoupling

detection of desired data blocks in both the time and frequency domain

is possible at PD and also at {SD1,SD2, . . . ,SDN}. The design of the

precoding matrix is based on the Alamouti scheme [57]. The scheme is

e�ectively modi�ed to provide a solution at the data-block level rather

than the data-symbol level to facilitate the cooperative transmission of

both the PU and SUs over frequency-selective fading channels in the

CWRN context.

• The pairwise error probability (PEP) is analysed to study the achievable

diversity gain of the proposed DSTFBC for the general scenario where

the relays are located either near the sources or the destinations or the

midpoint of the network. For the scenario that the relays are in the

neighbour of either the sources or the destinations, the channel model is

considered as a mix of Rayleigh and Rician fading, i.e. one of two hops

from the sources to the relays or from the relays to the destinations is

considered as a line-of-sight (LOS) transmission and the other hop is a

non-line-of-sight (NLOS) transmission. For the scenario that the relays

are near the network midpoint, all transmission links from the sources

to the relay and from the relay to the destinations are regarded as LOS

transmissions, which are modelled by Rician fading channels.

The theoretical results prove that the transmission from the sources to the

destinations using the proposed scheme achieves the spatial diversity order of

min(LAR1 , LR1B) + min(LAR2 , LR2B), where A ∈ {PS,SS1,SS2, . . . ,SSN},

B ∈ {PD,SD1,SD2, . . . ,SDN}. Here, LARj
and LRjB, j = 1, 2, are the chan-

nel memory lengths for the links from A to Rj and from Rj to B, respectively.

The analysis also shows that the fading factor of Rician fading in the LOS
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component provides a coding gain to the PEP performance. It means that, as

the fading factor increases, an improved performance is observed. Additionally,

through the simulation results, it is demonstrated that the proposed DSTFBC

scheme achieves a lower bit error rate (BER) when compared with the con-

ventional interference cancellation scheme (e.g. [172]) due to the achievable

diversity gain of the proposed DSTFBC method.

The rest of this chapter is organized as follows: Section 6.2 describes the

fading channel model in a CWRN. Section 6.3 presents the proposed DSTFBC

scheme along with proof of decoupling capability for the proposed DSTFBC

in both the time and frequency domains. Performance analysis is presented in

Section 6.4. The numerical and simulation results are presented in Section 6.5

and �nally Section 6.6 concludes this chapter.

Notation: Bold lower and upper case letters represent vectors and matrices,

respectively. The notation used in the chapter is listed as follows:

(·)T ; (·)∗; (·)H transpose, complex conjugate and Hermitian transpose

E(·); Φ(·); f(·) expectation, moment generating and probability density

functions

[x]i; [A]i,j i-th entry of vector x and (i, j)-th entry of matrix A

∥x∥ Euclidean norm of vector x

B = <A>2 B = AAH

B = A1/2 a matrix B such that B2 = A

⊗; ⊕ matrix direct product and direct sum

FM normalisedM×M discrete Fourier transform (DFT) ma-

trix. [FM ]m,n = 1√
M
e−j2π(m−1)(n−1)/M ∀ 1 ≤ m,n ≤ M

0M×N ; IN all-zero matrix of size M ×N and identity matrix of size

N ×N .
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Figure 6.1: System model and data transmission in cognitive wireless relay

network with the assistance of two relays.

6.2 Fading Channel Model

Fig. 6.1 illustrates the system model of a cognitive wireless relay network,

where the data transmission from primary source PS and N secondary sources

{SS1,SS2, . . . ,SSN} to the primary destination PD and N secondary desti-

nations {SD1,SD2, . . . ,SDN} is carried out via a two-hop protocol with the

assistance of two relays R1 and R2. A half-duplex system is considered where

all nodes can either transmit or receive data, but not concurrently. It is as-

sumed that there are no direct links between any pair of source and destination

nodes due to either power limitations in each node or distance between nodes,

i.e. each source node cannot communicate directly with its intended destina-

tion node. The data transmissions of PUs and CUs are assumed to operate in a

wide-band channel including K non-overlapping frequency bands. In order to

realise simultaneous transmissions, frequency bands are assumed to be prop-

erly allocated to all the source and destination nodes as {fp, fs1 , fs2 , . . . , fsN}

by using various spectrum sensing techniques (e.g. [155, 159]), and thus the

number of available frequency bands should satisfy K > N + 1.

This chapter takes into consideration two typical fading models including

long-term and short-term fading. In wireless communications, long-term fad-

ing is caused by path loss and shadowing e�ects on the data transmission

from source node to destination node, while short-term fading characterises
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the frequency selectivity of the wireless channel between these two nodes.

Speci�cally, the long-term and short-term fading between two nodes A and

B, A,B ∈ {PS,SS1,SS2, . . . ,SSN , PD, SD1,SD2, . . . ,SDN , R1,R2}, are

characterised by ξAB and hAB, respectively. Here, hAB represents a number of

independent resolvable paths with an impulse response given by

hAB(τ) =

LAB∑
l=1

hAB(l)δ(τ − τAB,l), (6.1)

where LAB is the number of resolvable paths, hAB(l) denotes the gain of the l-th

path which is modelled by a complex Gaussian random variable with zero mean

and variance of σ2
AB(l), and τl is the relative delay of the l-th path to the �rst

path. Thus, for convenience, denote hAB = [hAB(1), hAB(2), . . . , hAB(LAB)]
T .

The fading coe�cients of the communication channel between two nodes are

assumed to be constant over at least two consecutive time slots and vary inde-

pendently in the next two time slots (i.e. block fading or quasi-static channel

model). The total power gain for each link is normalised to be unity, i.e.

E[∥hAB∥2] =
∑LAB

l=1 σ2
AB(l) = 1.

6.3 Proposed DSTFBC and Proofs of Decou-

pling Capability

This section �rst introduces the proposed DSTFBC for CWRNs. Then, this

section proceeds to prove that the proposed DSTFBC can decouple the detec-

tion of two data blocks at each destination node in both the time and frequency

domains.

6.3.1 Proposed DSTFBC

Fig. 6.1 brie�y illustrates the structure of the transmitted data blocks at PS

and {SS1, SS2, . . . ,SSN}. Each source node transmits two information-

bearing data blocks to its interested destination through the assistance of two

relay nodes. Each transmitted data block xp,i, i = 1, 2, of length Mp is gener-
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ated at PS by adding a zero-padding (ZP) sequence ZPp of length Lp to modu-

lated information data block sp,i of length Bp, which can be expressed as xp,i =[
sTp,i,01×Lp

]T
where sp,i =

[
[sp,i]1, [sp,i]2, . . . , [sp,i]Bp

]T
. To guarantee that the

channel matrices PS → R1, PS → R2, R1 → PD and R2 → PD are circu-

lant, the length of ZPp must satisfy Lp > max(LPSR1+LR1PD, LPSR2+LR2PD).

Similarly, each transmitted data block xsi,j at SS i, i = 1, . . . , N , j = 1, 2,

of length Msi is created by adding a ZPsi of length Lsi to modulated in-

formation data block ssi,j of length Bsi . Thus, xsi,j can be represented as

xsi,j =
[
sTsi,j,01×Lsi

]T
where ssi,j =

[
[ssi,j]1, [ssi,j]2, . . . , [ssi,j]Bsi

]T
. Also, the

length of ZPsi must satisfy Lsi > max(LSSiR1 + LR1SDi
, LSSiR2 + LR2SDi

) to

assure that the channel matrices SS i → R1, SS i → R2, R1 → SDi and

R2 → SDi are circulant.

With proper allocation of available frequency bands {fp, fs1 , fs2 , . . . , fsN}

for all source and destination nodes, {PS, SS1, SS2, . . . ,SSN} simultaneously

transmit two data blocks to both R1 and R2 in the �rst two time slots. In

the next (2N + 2) time slots, R1 ampli�es and forwards its (2N + 2) received

signals while R2 precodes its received signals by a precoding matrix before

transmitting to all {PD, SD1, SD2, . . . ,SDN}. The idea behind the proposed

design is that the precoding at R2 helps enable the decoupling detection of two

desired data blocks at every destination. Thus, the following remark can be

made:

Remark 6.1 (Higher data rate). A rate of N + 1/N + 2 is achieved with

the proposed DSTFBC. To achieve the same goal in the considered scenario,

the source nodes with repetition code (e.g. [100]) which is devised for a one-

relay system, must send sequentially two data blocks to two relay nodes during

(4N + 4) time slots and then both the relay nodes amplify and forward their

(2N+2) received signals to all the destination nodes in the subsequent (2N+2)

time slots. Thus, the rate of this scheme is 1/3. Accordingly, the proposed

DSTFBC achieves a higher data rate transmission.

This subsection now proceeds to present the data transmission and pre-

coding process in the proposed DSTFBC for a CWRN. In the �rst two time
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slots, PS serially transmits xp,k, k = 1, 2, to both R1 and R2 using its allo-

cated frequency band fp. In parallel to the primary transmission, each SS i,

i = 1, 2, . . . , N , also serially transmits xsi,k, k = 1, 2, to both R1 and R2 using

the available frequency fsi . The received signals at Rj, j = 1, 2, from PS and

SS i are given by

r
(Rj)
p,k =

√
ξPSRj

HPSRj
xp,k + η

(Rj)
p,k , (6.2)

r
(Rj)
si,k

=
√

ξSSiRj
HSSiRj

xsi,k + η
(Rj)
si,k

, (6.3)

respectively, where HPSRj
and HSSiRj

are Mp ×Mp and Msi ×Msi circulant

channel matrices, and η
(Rj)
p,k and η

(Rj)
si,k

are the white Gaussian noise vectors

at Rj with each entry having zero-mean and variance of N0/2 per dimension.

It is noted that for any MAB ×MAB circulant matrix HAB, its (k, l) entry is

written as [HAB]k,l = [hAB]((k−l+1) mod MAB)
. From (6.2) and (6.3), the received

signals at Rj, j = 1, 2, can be rewritten in vector-matrix form as

R(Rj) =

 r
′(Rj)
p,1 r

′(Rj)
s1,1

r
′(Rj)
s2,1

· · · r
′(Rj)
sN ,1

r
′(Rj)
p,2 r

′(Rj)
s1,2

r
′(Rj)
s2,2

· · · r
′(Rj)
sN ,2

 , (6.4)

where r
′(Rj)
p,k and r

′(Rj)
si,k

, i = 1, 2, . . . , N , k = 1, 2, are zero-padded signals after

adding ZP sequences to match the length of M = max(Mp,Ms1 , . . . ,MsN ).

Thus, the size of matrix R(Rj) is 2M × (N + 1).

What is new in the proposed DSTFBC is that the received signal at R2 is

conjugated and then precoded by a precoding matrix PR as follows:

PR =

 0M×M −P
(G)
M

P
(G)
M 0M×M

 , (6.5)

where the matrix P
(G)
M is designed as

P
(G)
M =

 P1 0G×(M−G)

0(M−G)×G P2

 = P1 ⊕P2. (6.6)

In (6.6), the matrixP1 of sizeG×G and the matrixP2 of size (M−G)×(M−G)

have (l, k)-th elements given by

[P1]l,k =

1 if k = G− l + 1,

0 otherwise,

(6.7)
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[P2]l,k =

1 if k = M −G− l + 1,

0 otherwise.

(6.8)

In order to ensure that, after precoding, at least the last LPSR2 samples of

−P
(G)
M r

′(R2)
p,2 and P

(G)
M r

′(R2)
p,1 and the last LSSiR2 , i = 1, 2, . . . , N , samples of

−P
(G)
M r

′(R2)
si,2

andP
(G)
M r

′(R2)
si,1

are all zeros to make the channel matricesR2 → PD

and R2 → SDi circulant, it can be chosen G = max(Bp, Bs1 , Bs2 , . . . , BsN )

+max(LPSR2 , LSS1R2 , LSS2R2 , . . . , LSSNR2). The idea behind the proposed

design of precoding matrix in (6.5), (6.6), (6.7) and (6.8) is based on the

Alamouti scheme [57]. While the Alamouti scheme was originally proposed

at the data-symbol level for direct transmission in MIMO systems, the pro-

posed DSTFBC is speci�cally designed at the data-block level to assist the

cooperative data transmission of the PU and CUs in CWRNs via two relay

nodes.

Then, each relayRj, j = 1, 2, normalises its received signals r
(Rj)
p,k and r

(Rj)
si,k

,

i = 1, 2, . . . , N , k = 1, 2, in (6.2) and (6.3) by factors α
(Rj)
p =

√
E

[∥∥∥r(Rj)
p,k

∥∥∥2] =
√
ξPSRj

+N0 and α
(Rj)
si =

√
E

[∥∥∥r(Rj)
si,k

∥∥∥2] =
√

ξSSiRj
+N0, respectively, to

have unit average energy. Thus, the transmitted signals from Rj, j = 1, 2, can

be written by

X(R1) = R
(R1)
0 , (6.9)

X(R2) = PR

[
R

(R2)
0

]∗
, (6.10)

where R
(Rj)
0 is the normalised received signal at Rj, which is given by

R
(Rj)
0 =

 1

α
(Rj)
p

r
′(Rj)
p,1

1

α
(Rj)
s1

r
′(Rj)
s1,1

1

α
(Rj)
s2

r
′(Rj)
s2,1

· · · 1

α
(Rj)
sN

r
′(Rj)
sN ,1

1

α
(Rj)
p

r
′(Rj)
p,2

1

α
(Rj)
s1

r
′(R2)
s1,2

1

α
(Rj)
s2

r
′(Rj)
s2,2

· · · 1

α
(Rj)
sN

r
′(Rj)
sN ,2

 . (6.11)

Then, R1 and R2 simultaneously forward their messages to {PD, SD1,

SD2, . . . ,SDN} using {fp, fs1 , fs2 , . . . , fsN} in the subsequent (2N + 2) time
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slots30. The received signals at PD over fp are written by

r
(PD)
1 =

√
ξR1PDHR1PD

r
′(R1)
p,1

α
(R1)
p

−
√
ξR2PDHR2PD

P
(G)
M

[
r
′(R2)
p,2

]∗
α
(R2)
p

+η
(PD)
1 , (6.12)

r
(PD)
2 =

√
ξR1PDHR1PD

r
′(R1)
p,2

α
(R1)
p

+
√

ξR2PDHR2PD

P
(G)
M

[
r
′(R2)
p,1

]∗
α
(R2)
p

+η
(PD)
2 , (6.13)

where HRjPD, j = 1, 2, is the M × M circulant channel matrix and η
(PD)
k ,

k = 1, 2, is a white Gaussian noise vector at PD with each entry having zero-

mean and variance of N0/2 per dimension. Similarly, the received signals at

SDi, i = 1, 2, . . . , N , over fsi are

r
(SDi)
1 =

√
ξR1SDi

HR1SDi

r
′(R1)
si,1

α
(R1)
si

−
√

ξR2SDi
HR2SDi

P
(G)
M

[
r
′(R2)
si,2

]∗
α
(R2)
si

+η
(SDi)
1 , (6.14)

r
(SDi)
2 =

√
ξR1SDi

HR1SDi

r
′(R1)
si,2

α
(R1)
si

+
√

ξR2SDi
HR2SDi

P
(G)
M

[
r
′(R2)
si,1

]∗
α
(R2)
p

+η
(SDi)
2 , (6.15)

where HRjSDi
, j = 1, 2, is the M × M circulant channel matrix and η

(SDi)
k ,

k = 1, 2, is a white Gaussian noise vector at SDi with each entry having

zero-mean and variance of N0/2 per dimension.

Substituting (6.2) and (6.3) into (6.12), (6.13), (6.14) and (6.15), the re-

ceived signals at PD and SDi, i = 1, 2, . . . , N , can be obtained as

r
(PD)
1 =

√
ξPSR1ξR1PD

ξPSR1 +N0

HR1PDHPSR1xp,1

−

√
ξPSR2ξR2PD

ξPSR2 +N0

HR2PDP
(G)
M H∗

PSR2
x∗
p,2 + η

′(PD)
1 ,

(6.16)

r
(PD)
2 =

√
ξPSR1ξR1PD

ξPSR1 +N0

HR1PDHPSR1xp,2

+

√
ξPSR2ξR2PD

ξPSR2 +N0

HR2PDP
(G)
M H∗

PSR2
x∗
p,1 + η

′(PD)
2 ,

(6.17)

30The packets received and transmitted at R1 and R2 are assumed to be perfectly syn-

chronised and scheduled.
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r
(SDi)
1 =

√
ξSSiR1ξR1SDi

ξSSiR1 +N0

HR1SDi
HSSiR1xsi,1

−

√
ξSSiR2ξR2SDi

ξSSiR2 +N0

HR2SDi
P

(G)
M H∗

SSiR2
x∗
si,2

+ η
′(SDi)
1 ,

(6.18)

r
(SDi)
2 =

√
ξSSiR1ξR1SDi

ξSSiR1 +N0

HR1SDi
HSSiR1xsi,2

+

√
ξSSiR2ξR2SDi

ξSSiR2 +N0

HR2SDi
P

(G)
M H∗

SSiR2
x∗
si,1

+ η
′(SDi)
2 ,

(6.19)

where η
′(PD)
k and η

′(SDi)
k , k = 1, 2, i = 1, 2, . . . , N , are e�ective noise terms

including the Gaussian noises at relays and destination, which are de�ned as

η
′(PD)
k =

√
ξR1PD

ξPSR1 +N0

HR1PDη
(R1)
p,k +(−1)k

√
ξR2PD

ξPSR2 +N0

HR2PDη
(R2)
p,k +η

(PD)
k ,

(6.20)

η
′(SDi)
k =

√
ξR1SDi

ξSSiR1 +N0

HR1SDi
η
(R1)
si,k

+(−1)k

√
ξR2SDi

ξSSiR2 +N0

HR2SDi
η
(R2)
si,k

+η
(SDi)
k .

(6.21)

It can be seen that the received signals at the destination nodes given by

(6.16), (6.17), (6.18) and (6.19) consist of both data blocks, which therefore

causes interference between them. It should be expected to detect each data

block separately for the best performance, i.e. the detection of di�erent data

blocks should be decoupled. In the following subsection, the proposed method

is presented to detect independently the two data blocks at the destination

nodes in both time and frequency domains.

6.3.2 Decoupling in Time and Frequency Domain

For the sake of a fair comparison with other systems, the noise variances of the

received signals at PD and SDi, i = 1, 2, . . . , N , to be N0 are �rstly normalised

prior to proceeding the data detection. From (6.20) and (6.21), each n-th entry

of the e�ective noise terms η
′(PD)
k and η

′(SDi)
k at PD and SDi, i = 1, 2, . . . , N
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has zero mean and variance of

E

(∣∣∣[η′(PD)
k

]
n

∣∣∣2) = N0

 ξR1PD

ξPSR1 +N0

LR1PD∑
l=1

∣∣[hR1PD]l
∣∣2

+
ξR2PD

ξPSR2 +N0

LR2PD∑
l=1

∣∣[hR2PD]l
∣∣2 + 1

 ,

(6.22)

E

(∣∣∣[η′(SDi)
k

]
n

∣∣∣2) = N0

 ξR1SDi

ξSSiR1 +N0

LR1SDi∑
l=1

∣∣[hR1SDi
]l
∣∣2

+
ξR2SDi

ξSSiR2 +N0

LR2SDi∑
l=1

∣∣[hR2SDi
]l
∣∣2 + 1

 .

(6.23)

Thus, the received signals at PD and SDi are normalised by factors

α(PD)=

√√√√ ξR1PD

ξPSR1 +N0

LR1PD∑
l=1

∣∣[hR1PD]l
∣∣2+ ξR2PD

ξPSR2 +N0

LR2PD∑
l=1

∣∣[hR2PD]l
∣∣2+1, (6.24)

α(SDi)=

√√√√ ξR1SDi

ξSSiR1+N0

LR1SDi∑
l=1

∣∣[hR1SDi
]l
∣∣2+ ξR2SDi

ξSSiR2+N0

LR2SDi∑
l=1

∣∣[hR2SDi
]l
∣∣2+1, (6.25)

respectively. Accordingly, the normalised signals at PD and SDi can be writ-

ten as

r
′(PD)
1 =

r
(PD)
1

α(PD)
=αp,1HR1PDHPSR1xp,1−αp,2HR2PDP

(G)
M H∗

PSR2
x∗
p,2+η

′′(PD)
1 ,

(6.26)

r
′(PD)
2 =

r
(PD)
2

α(PD)
=αp,1HR1PDHPSR1xp,2+αp,2HR2PDP

(G)
M H∗

PSR2
x∗
p,1+η

′′(PD)
2 ,

(6.27)

r
′(SDi)
1 =

r
(SDi)
1

α(SDi)
=αsi,1HR1SDi

HSSiR1xsi,1−αsi,2HR2SDi
P

(G)
M H∗

SSiR2
x∗
si,2

+η
′′(SDi)
1 ,

(6.28)

r
′(SDi)
2 =

r
(SDi)
2

α(SDi)
=αsi,1HR1SDi

HSSiR1xsi,2+αsi,2HR2SDi
P

(G)
M H∗

SSiR2
x∗
si,1

+η
′′(SDi)
2 ,

(6.29)

where η
′′(PD)
k and η

′′(SDi)
k , k = 1, 2, are normalised complex Gaussian noise

vectors in which each entry has zero mean and variance of N0/2 per dimension.

Here, αp,j and αsi,j, j = 1, 2, i = 1, 2, . . . , N , are de�ned as

αp,j=

√√√√√√ α′
p,n ̸=jα

′′
p,jξPSRj

α′
p,1α

′
p,2+α′

p,2α
′′
p,1

LR1PD∑
l=1

∣∣[hR1PD]l
∣∣2+α′

p,1α
′′
p,2

LR2PD∑
l=1

∣∣[hR2PD]l
∣∣2 , (6.30)
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αsi,j=

√√√√√√ α′
si,n̸=jα

′′
si,j

ξSSiRj

α′
si,1

α′
si,2

+α′
si,2

α′′
si,1

LR1SDi∑
l=1

∣∣[hR1SDi
]l
∣∣2+α′

si,1
α′′
si,2

LR2SDi∑
l=1

∣∣[hR2SDi
]l
∣∣2 , (6.31)

where n ∈ {1, 2}, α′
p,j = 1+ ξPSRj

/N0, α
′′
p,j = ξRjPD/N0, α

′
si,j

= 1+ ξSSiRj
/N0

and α′′
si,j

= ξRjSDi
/N0.

For the data decoupling process, both sides of (6.27) and (6.29) are conju-

gated and then multiplied with P
(G)
M . Based on the fact that P

(G)
M H∗

ABP
(G)
M =

HH
AB for any M ×M circulant matrix HAB [75], the resulting signals are ob-

tained as

r
′′(PD)
2 = αp,2H

H
R2PDHPSR2xp,1 + αp,1H

H
R1PDH

H
PSR1

P
(G)
M x∗

p,2 +P
(G)
M [η

′′(PD)
2 ]∗,

(6.32)

r
′′(SDi)
2 = αsi,2H

H
R2SDi

HSSiR2xsi,1+αsi,1H
H
R1SDi

HH
SSiR1

P
(G)
M x∗

si,2
+P

(G)
M [η

′′(SDi)
2 ]∗.

(6.33)

From (6.26), (6.28), (6.32) and (6.33), the equations can be grouped in vector-

matrix forms as

R(PD) =

 r
′(PD)
1

r
′′(PD)
2

 = Hp

 xp,1

P
(G)
M x∗

p,2

+

 η
′′(PD)
1

P
(G)
M [η

′′(PD)
2 ]∗

 , (6.34)

R(SDi) =

 r
′(SDi)
1

r
′′(SDi)
2

 = Hsi

 xsi,1

P
(G)
M x∗

si,2

+

 η
′′(SDi)
1

P
(G)
M [η

′′(SDi)
2 ]∗

 , (6.35)

where

Hp ,

 αp,1HR1PDHPSR1 −αp,2HR2PDH
H
PSR2

αp,2H
H
R2PDHPSR2 αp,1H

H
R1PDH

H
PSR1

 , (6.36)

Hsi ,

 αsi,1HR1SDi
HSSiR1 −αsi,2HR2SDi

HH
SSiR2

αsi,2H
H
R2SDi

HSSiR2 αsi,1H
H
R1SDi

HH
SSiR1

 . (6.37)

Denote Ωp=[α
2
p,1<HPSR1>

2<HR1PD>
2+α2

p,2<HPSR2>
2<HR2PD>

2]
1
2 and

Ωsi = [α2
si,1

<HSSiR1>
2<HR1SDi

>2 + α2
si,2

<HSSiR2>
2<HR2SDi

>2]
1
2 . Then,

HH
p Hp = I2 ⊗Ω2

p and HH
si
Hsi = I2 ⊗Ω2

si
, which are block-diagonal matrices.

Thus, the detection of two data blocks can be decoupled independently by

multiplying both sides of (6.34) and (6.35) with the unitary matrices (I2 ⊗
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Ω−1
p )HH

p and (I2 ⊗Ω−1
si
)HH

si
, respectively, as

Y(PD)=

 y
(PD)
1

y
(PD)
2

=(I2 ⊗Ω−1
p )HH

p R
(PD)=

 Ωpxp,1

ΩpP
(G)
M x∗

p,2

+
 η̄

(PD)
1

η̄
(PD)
2

 , (6.38)

Y(SDi)=

y(SDi)
1

y
(SDi)
2

=(I2⊗Ω−1
si
)HH

si
R(SDi)=

 Ωsixsi,1

ΩsiP
(G)
M x∗

si,2

+
 η̄

(SDi)
1

η̄
(SDi)
2

 , (6.39)

where η̄
(PD)
k and η̄

(SDi)
k , k = 1, 2, are the Gaussian noise vectors resulting from

the decoupling process with each entry having zero mean and variance of N0/2

per dimension.

Remark 6.2 (Decoupling Capability of Data Blocks). From (6.38) and (6.39),

two data blocks transmitted from PS and SS i, i = 1, 2, . . . , N , can be detected

independently at PD and SDi, respectively by using general ML detection in the

time domain for the best performance. However, general ML detection requires

high computational complexity at the destination nodes depending exponentially

on the channel memory lengths of all links from the sources to the destinations.

Therefore, this chapter introduces a low-complexity decoupling of data blocks

at the destination nodes using frequency-domain equalisation.

It is noted that the circulant matrixHAB of sizeM×M can be diagonalised

as HAB = FH
MΛABFM where ΛAB is an M ×M diagonal matrix with diagonal

entries created by the M -point DFT of the �rst column of HAB. Thus, (6.34)

and (6.35) can be transformed into the frequency domain by taking the DFT

of both sides of the equations, which results in

R
(PD)
f =

r(PD)
f,1

r
(PD)
f,2

=
FMr

′(PD)
1

FMr
′′(PD)
2

=Λp

 FMxp,1

FMP
(G)
M x∗

p,2

+
 FMη

′′(PD)
1

FMP
(G)
M [η

′′(PD)
2 ]∗

 , (6.40)

R
(SDi)
f =

r(SDi)
f,1

r
(SDi)
f,2

=
FMr

′SDi)
1

FMr
′′SDi)
2

=Λsi

 FMxsi,1

FMP
(G)
M x∗

si,2

+
 FMη

′′(SDi)
1

FMP
(G)
M [η

′′(SDi)
2 ]∗

, (6.41)
where

Λp ,

 αp,1ΛR1PDΛPSR1 −αp,2ΛR2PDΛ
∗
PSR2

αp,2Λ
∗
R2PDΛPSR2 αp,1Λ

∗
R1PDΛ

∗
PSR1

 . (6.42)
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Λsi ,

 αsi,1ΛR1SDi
ΛSSiR1 −αsi,2ΛR2SDi

Λ∗
SSiR2

αsi,2Λ
∗
R2SDi

ΛSSiR2 αsi,1Λ
∗
R1SDi

Λ∗
SSiR1

 . (6.43)

Denote Ψp = [α2
p,1<ΛPSR1>

2<ΛR1PD>
2 + α2

p,2<ΛPSR2>
2<ΛR2PD>

2]
1
2 and

Ψsi = [α2
si,1

<ΛSSiR1>
2<ΛR1SDi

>2 + α2
si,2

<ΛSSiR2>
2<ΛR2SDi

>2]
1
2 . It is ob-

served that ΛH
p Λp = I2 ⊗Ψ2

p and ΛH
si
Λsi = I2 ⊗Ψ2

si
, which are block-diagonal

matrices. Thus, by multiplying both sides of (6.40) and (6.41) with the unitary

matrix (I2 ⊗ Ψ−1
p )ΛH

p and (I2 ⊗ Ψ−1
si
)ΛH

si
, respectively, the detection of each

data block at PD and SDi, i = 1, 2, . . . , N , can be decoupled in the frequency

domain as follows:

Y
(PD)
f =

y(PD)
f,1

y
(PD)
f,2

=(I2 ⊗Ψ−1
p )ΛH

p R
(PD)
f =

 ΨpFMxp,1

ΨpFMP
(G)
M x∗

p,2

+
 η̄

(PD)
f,1

η̄
(PD)
f,2

 , (6.44)

Y
(SDi)
f =

y(SDi)
f,1

y
(SDi)
f,2

=(I2⊗Ψ−1
si
)ΛH

si
R

(SDi)
f =

 ΨsiFMxsi,1

ΨsiFMP
(G)
M x∗

si,2

+
η̄(SDi)

f,1

η̄
(SDi)
f,2

 , (6.45)

where η̄
(PD)
f,k and η̄

(SDi)
f,k , k = 1, 2, are the equivalent noise vectors for the k-

block at PD and SDi, respectively, resulting from the decoupling process in

the frequency domain. Since Ψp and Ψsi are diagonal matrices, (6.44) and

(6.45) can be decomposed into scalar equations as[
y
(PD)
f,1

]
n
= [Ψp]n,n [FMxp,1]n +

[
η̄
(PD)
f,1

]
n
, (6.46)[

y
(PD)
f,2

]
n
= [Ψp]n,n

[
FMP

(G)
M x∗

p,2

]
n
+
[
η̄
(PD)
f,2

]
n
, (6.47)[

y
(SDi)
f,1

]
n
= [Ψsi ]n,n [FMxsi,1]n +

[
η̄
(SDi)
f,1

]
n
, (6.48)[

y
(SDi)
f,2

]
n
= [Ψsi ]n,n

[
FMP

(G)
M x∗

si,2

]
n
+
[
η̄
(SDi)
f,2

]
n
, (6.49)

where n = 1, 2, . . . ,M . Thus, each of [FMxp,1]n,
[
FMP

(G)
M x∗

p,2

]
n
, [FMxsi,1]n

and
[
FMP

(G)
M x∗

si,2

]
n
can be independently evaluated using linear equalisation,

and then the evaluated outputs are transformed into the time domain to detect

[xp,k]n and [xsi,k]n, k = 1, 2, accordingly.
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6.4 Performance Analysis

This section derives the PEP expression of the proposed DSTFBC scheme for

CWRNs over frequency selective fading channels. Three typical scenarios are

taken into consideration, including:

(a) The relay nodes are near the source nodes, i.e. links from {PS, SS1,

SS2, . . . ,SSN} to {R1,R2} and from {R1,R2} to {PD, SD1, SD2,

. . . ,SSN} experience Rician fading and Rayleigh fading, respectively.

(b) The relays are near the destination nodes, i.e. links from {PS, SS1, SS2,

. . . ,SSN} to {R1,R2} and from {R1,R2} to {PD, SD1, SD2, . . . ,SSN}

experience Rayleigh fading and Rician fading, respectively.

(c) The relays are near the midpoint, i.e. links from {PS, SS1, SS2, . . . ,SSN}

to {R1,R2} and from {R1,R2} to {PD, SD1, SD2, . . . ,SDN} experi-

ence Rician fading.

It can be seen that the PEP expression for scenario (b) can be simply obtained

from scenario (a) with some interchanged parameters. Thus, it is su�cient to

analyse the PEP for scenarios (a) and (c). Also, for the sake of brevity, only

the primary transmission is investigated. The PEP analysis for the secondary

transmission is straightforward.

Let x̂p denote the decoded codeword vector at PD. The conditional PEP

is calculated by

P (xp → x̂p|hPSR1 ,hPSR2 ,hR1PD,hR2PD) = Q

√d2(xp, x̂p)

2N0

 , (6.50)

where Q(·) is the Q function and d(xp, x̂p) is Euclidean distance between xp

and x̂p. By applying the Cherno� bound to the Q function [176], the PEP in

(6.50) can be upper bounded by

P (xp → x̂p|hPSR1 ,hPSR2 ,hR1PD,hR2PD) 6 exp

(
−d2(xp, x̂p)

4N0

)
. (6.51)

The Euclidean distance in (6.51) is calculated by

d2(xp, x̂p) = α2
p,1∥HR1PDHPSR1(xp,1 − x̂p,1)∥2

+ α2
p,2∥HR2PDHPSR2P

(G)
M (xp,2 − x̂p,2)∥2.

(6.52)
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(6.52) can be approximated as one of four possible forms as [100]:

d2(xp, x̂p)≈
α2
p,1

M
||HR1PD||2||HPSR1e1||2 +

α2
p,2

M
||HR2PD||2||HPSR2e2||2

≈
α2
p,1

M
||HPSR1||2||HR1PDe1||2 +

α2
p,2

M
||HR2PD||2||HPSR2e2||2

≈
α2
p,1

M
||HR1PD||2||HPSR1e1||2 +

α2
p,2

M
||HPSR2 ||2||HR2PDe2||2

≈
α2
p,1

M
||HPSR1||2||HR1PDe1||2 +

α2
p,2

M
||HPSR2 ||2||HR2PDe2||2,

(6.53)

where ek = xp,k − x̂p,k, k = 1, 2. Note that ||HAB||2 = M
∑LAB

lAB=1 |[hAB]lAB |2

and ||HABek||2 =
∑LAB

lAB=1 [λk]lAB |[νk]lAB |2, k = 1, 2, A,B ∈ {PS,R1,R2,PD}.

Here, [λk]lAB denotes the eigenvalue of the codeword di�erence matrix and νk

is a zero-mean complex Gaussian vector with unit variance. In (6.53), each

component of the summations of the right hand side can be expressed by either

one of two following factors

d21 =

LRkPD∑
lRkPD=1

|[hRkPD]lRkPD |2
LPSRk∑
lPSRk

=1

[λ]lPSRk
|[ν]lPSRk

|2, (6.54)

d22 =

LPSRk∑
lPSRk

=1

|[hPSRk
]lPSRk

|2
LRkPD∑
lRkPD=1

[λ]lRkPD |[ν]lRkPD |2. (6.55)

For simplicity of mathematical formulation, denote LPSRk
= L1, LRkPD = L2,

hPSRk
= h1, hRkPD = h2. In the following, the PEP will be analysed for the

�rst and the third scenario of the fading channel models.

6.4.1 Scenario (a): PS → {R1, R2}: Rician fading, {R1,

R2} → PD: Rayleigh fading

Due to di�erent characteristics of fading channels, there are three cases based

on the relationship between L1 and L2.

Case 1 (L1 < L2)

Eq. (6.54) is taken into consideration. De�ne Z1 = d21 = X1Y1 where

X1 =
∑L2

l2=1 |[h2]l2|2 and Y1 =
∑L1

l1=1 [λ]l1 |[ν]l1 |2. Applying the Cherno� bound,
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the PEP corresponding to d21 is upper bounded by EZ1 [exp(−α2Z1/4N0)] =

ΦZ1(s)|s=−α2/4N0
. Here, α corresponds to αk, k = 1, 2, if Rk is considered, and

ΦZ1(s) can be evaluated as [175], i.e.

ΦZ1(s) =

∞̂

0

fX1(x1)ΦY1(sx1)dx1, (6.56)

where

fX1(x1) =
L2

L2

Γ(L2)

xL2−1
1

eL2x1
, (6.57)

ΦY1(s) =

L1∏
l1=1

1 + n2

1 + n2 − s[λ]l1
e

n2s[λ]l1
1+n2−s[λ]l1 , (6.58)

where n is the Nakagami-n or Rician fading parameter and Γ(·) represents the

Gamma function de�ned by Γ(k) , (k − 1)! for any positive integer k [134].

Substituting (6.57) and (6.58) into (6.56), ΦZ1(s) is obtained as

ΦZ1(s)|s=− α2

4N0

=

∞̂

0

L2
L2

Γ(L2)

xL2−1
1

eL2x1

L1∏
l1=1

1 + n2

1+n2+ α2

4N0
x1[λ]l1

e

−n2 α2

4N0
x1[λ]l1

1+n2+ α2
4N0

x1[λ]l1 dx1

=
L2

L2

Γ(L2)

∞̂

0

xL2−1
1

eL2x1

L1∏
l1=1

e

−x1

x1
n2 +

1+n2

n2

α2
4N0

[λ]l1

α2

4N0
[λ]l1

(
x1

1+n2 +
1

α2

4N0
[λ]l1

)dx1.

(6.59)

Assuming high signal-to-noise ratio (SNR), i.e. α2/4N0 ≫ 1, and (1+n2)/n2 ≈

1, (6.59) can be approximated as

ΦZ1(s)|s=− α2

4N0

≈ LL2
2

Γ(L2)

(
α2

4N0

)−L1
(
1 + n2

en2

)L1 L1∏
l1=1

1

[λ]l1

∞̂

0

xL2−L1−1
1

eL2x1
dx1. (6.60)

When L1 < L2, evaluating the integral in (6.60) [134], ΦZ1(s) is obtained as

ΦZ1(s)|s=− α2

4N0

≈
[
L2(1 + n2)

en2

]L1 Γ(L2 − L1)

Γ(L2)

(
α2

4N0

)−L1 L1∏
l1=1

1

[λ]l1
. (6.61)

Case 2 (L1 > L2)

Examine (6.55) and de�ne Z2 = d22 = X2Y2 where X2 =
∑L1

l1=1 |[h1]l1 |2 and

Y2 =
∑L2

l2=1 [λ]l2 |[ν]l2 |2. Similarly, applying the Cherno� bound, the PEP cor-

responding to d22 is upper bounded by EZ2 [exp(−α2Z2/4N0)]=ΦZ2(s)|s=−α2/4N0
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and ΦZ2(s) is computed by

ΦZ2(s) =

∞̂

0

fX2 (x2) ΦY2 (sx2) dx2, (6.62)

where

fX2(x2) =
L

3−L1
2

1

nL1−1

x
L1−1

2
2 IL1−1[2L

3
2
1 nx

1
2
2 ]

eL
2
1n

2+L1x2
, (6.63)

ΦY2(s) =

L2∏
l2=1

1

1− s[λ]l2
. (6.64)

Here, Iα(β) denotes the modi�ed Bessel function of the �rst kind, which is

de�ned as Iα (β)
∆
=
(
β
2

)α ∞∑
k=0

β2k

4kk!Γ(α+k+1)
, α ∈ R [134]. Substituting (6.63) and

(6.64) into (6.62), ΦZ2(s) is obtained as

ΦZ2(s)|s=− α2

4N0

=

∞̂

0

L
3−L1

2
1 x

L1−1
2

2

nL1−1eL
2
1n

2+L1x2
IL1−1[2(L1)

3
2nx

1
2
2 ]

L2∏
l2=1

1

1+ α2

4N0
x2[λ]l2

dx2. (6.65)

Under the assumption of high SNR (i.e. α2/4N0 ≫ 1), (6.65) can be approxi-

mated as

ΦZ2(s)|s=− α2

4N0

≈
(
α2

4N0

)−L2 L
3−L1

2
1

nL1−1eL
2
1n

2

L2∏
l2=1

1

[λ]l2

∞̂

0

x
L1−1

2
−L2

2 IL1−1[2L
3
2
1 nx

1
2
2 ]

eL1x2
dx2. (6.66)

Calculating the integral in (6.66) when L1 > L2, after some mathematical

manipulations [134], ΦZ2(s) is obtained as

ΦZ2(s)|s=− α2

4N0

≈LL2
1 Γ(L1−L2)

eL
2
1n

2 1F̃1(L1−L2;L1;L
2
1n

2)

(
α2

4N0

)−L2 L2∏
l2=1

1

[λ]l2
, (6.67)

where 1F̃1 (a; b; z) is regularized hypergeometric function de�ned as 1F̃1(a; b; z)

, 1
Γ(a)

∞∑
k=0

Γ(a+k)
Γ(b+k)

zk

k!
[134].

Case 3 (L1 = L2)

Considering (6.54), ΦZ1(s) can be calculated as:

ΦZ1(s)|s=− α2

4N0

=
LL1

1

Γ(L1)eL1n2

(
α2

4N0

)−L1L1∏
l1=1

1

[λ]l1

∞̂

0

xL1−1
1

eL1x1

L1∏
l1=1

(
x1

1+n2 +
1

α2

4N0
[λ]l1

)dx1

=
LL1
1 (1+n2)L1

Γ(L1)eL1n2

(
α2

4N0

)−L1 L1∏
l1=1

1

[λ]l1

∞̂

0

xL1−1
1 e−L1(1+n2)x1

L1∏
l1=1

(
x1+

1
α2

4N0
[λ]l1

)dx1.

(6.68)
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By using some mathematical expansions and integral calculations [134], ΦZ1(s)

is obtained as

ΦZ1(s)|s=− α2

4N0

=

[
L1(1 + n2)

en2

]L1
(
α2

4N0

)−L1 L1∑
l1=1

pl1

[λ]l1
L1
e

L1(n
2+1)

α2
4N0

[λ]l1 Γ

[
1−L1,

L1(n
2+1)

α2

4N0
[λ]l1

]
,

(6.69)

where pl1 ,
∏L1

l=1,l ̸=l1

[λ]l1
[λ]l1−[λ]l

and Γ[α, x] is the incomplete Gamma function

de�ned by Γ[α, x] ,
∞́

x

tα−1e−tdt [134].

6.4.2 Scenario (c): PS → {R1,R2} and {R1,R2} → PD:

Rician fading

Let n1 and n2 denote the Rician fading parameters of the links PS → {R1,R2}

and {R1,R2} → PD, respectively. Similarly, based on the relationship be-

tween L1 and L2, three cases are investigated.

Case 1 (L1 < L2)

Also, (6.54) is taken into consideration and ΦZ1(s) is evaluated where

fX1(x1) =
L

3−L2
2

2

nL2−1
2

x
L2−1

2
1 IL2−1[2L

3
2
2 n2x

1
2
1 ]

eL
2
2n

2
2+L2x1

, (6.70)

ΦY1(s) =

L1∏
l1=1

1 + n2
1

1 + n2
1 − s[λ]l1

e

n2
1s[λ]l1

1+n2
1−s[λ]l1 . (6.71)

Substituting (6.70) and (6.71) into (6.56), ΦZ1(s) is obtained as

ΦZ1(s)|s=− α2

4N0

=

∞̂

0

L
3−L2

2
2

nL2−1
2

x
L2−1

2
1 IL2−1[2L

3
2
2 n2x

1
2
1 ]

eL
2
2n

2
2+L2x1

×
L1∏
l1=1

1 + n2
1

1 + n2
1 +

α2

4N0
x1[λ]l1

e

−n2
1

α2

4N0
x1[λ]l1

1+n2
1+

α2
4N0

x1[λ]l1 dx1.

(6.72)

Under a high SNR assumption, (6.72) can be approximated as

ΦZ1(s)|s=− α2

4N0

≈ L
3−L2

2
2

eL
2
2n

2
2+L1n2

1

(1 + n2
1)

L1

nL2−1
2

(
α2

4N0

)−L1L1∏
l1=1

1

[λ]l1

×
∞̂

0

x
L2−1

2
−L1

1

eL2x1
IL2−1

[
2L

3
2
2 n2x

1
2
1

]
dx1.

(6.73)
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Calculating the integral in (6.60) when L1 < L2 [134], ΦZ1(s) is obtained as

ΦZ1(s)|s=− α2

4N0

≈[L2(1+n2
1)]

L1

eL
2
2n

2
2+L1n2

1

Γ(L2−L1)1F̃1

(
L2−L1;L2;L

2
2n

2
2

)( α2

4N0

)−L1 L1∏
l1=1

1

[λ]l1
.

(6.74)

Case 2 (L1 > L2)

By considering (6.55) with the same approach as case 1, ΦZ2(s)|s=− α2

4N0

can be

approximated by

ΦZ2(s)|s=− α2

4N0

≈[L1(1+n2
2)]

L2

eL
2
1n

2
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2
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)( α2

4N0

)−L2 L2∏
l2=1

1

[λ]l2
.

(6.75)

Case 3 (L1 = L2)

(6.72) can be rewritten as

ΦZ1(s)|s=− α2

4N0

=
L
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2
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2 eL
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(6.76)

With some mathematical expansions and integral calculations [134], ΦZ1(s)

can be obtained as

ΦZ1(s)|s=− α2

4N0

=
L3−2L1

1

eL
2
1n

2
2+L1n2

1

1+n2
1

n2L1−2
2

(
α2

4N0

)−L1 L1∑
l1=1

pl1
[λ]l1

[
Γ(L1−1,−L2

1n
2
2)−Γ(L1−1)

]
.

(6.77)

Remark 6.3 (Achievable Diversity Gain and E�ects of Rician Fading Param-

eters on Performance). From the PEP analysis of fading scenario (a) with Eqs.
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(6.61), (6.67) and (6.69) and fading scenario (c) with Eqs. (6.74), (6.75) and

(6.77), it can be concluded that the diversity gain of the proposed DSTFBC for

the primary transmission in all three fading scenarios is min(LPSR1 , LR1PD)+

min(LPSR2 , LR2PD) by observing the exponential terms of the SNR (i.e. α2

4N0
).

The PEP analysis for the secondary transmission can be similarly carried

out, which results in an achievable diversity gain of min(LSSiR1 , LR1SDi
) +

min(LSSiR2 , LR2SDi
), i = 1, 2, . . . , N . Additionally, it can be observed that the

Rician fading parameters do not produce any diversity gain, however, they play

the part of coding gain, and thus can improve the PEP, which will be con�rmed

through the numerical and simulation results.

6.5 Numerical and Simulation Results

This section evaluates the uncoded BER performance of the proposed DSTFBC

in a CWRN to justify the analysis of the achievable diversity gain over ei-

ther mixed Rayleigh-Rician fading channels or both Rayleigh or Rician fading

channels. As outlined earlier, Rayleigh �at fading channels represent NLOS

transmissions, whilst Rician �at fading channels are modeled for LOS trans-

missions. The validity of the analysis can be con�rmed through the slope of

the BER curves since BER is proportional to PEP [176]. The simulation is

carried out using quadrature phase shift keying (QPSK) modulation with Gray

mapping for random dispersive channels. The fast Fourier transform (FFT)

algorithm is exploited for low-complexity data detection. Each transmitted

data block consists of 256 symbols including the zero sequence and modulated

information-carrying data. A uniform power delay pro�le and a quasi-static

fading channel model31 are considered in the simulation, where the channel

gains are assumed to remain constant over two time slots and change indepen-

dently in the consecutive two time slots. It is assumed that the destination

31It is noted that the channel coe�cients may not be constant during two time slots

when the FFT block size and/or user velocity increases, and thus it may degrade the BER

performance. Dealing with this, several algorithms were proposed for a frequency-domain

equaliser, e.g. in [177,178].
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nodes have perfect channel state information. The results are obtained in

MATLAB by using Monte Carlo simulation method.
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Figure 6.2: Performance comparison of various transmission schemes in CWRN

over Rayleigh frequency selective fading channels with LPSR1 = 5, LPSR2 = 7,

LR1PD = 5, LR2PD = 7.

Fig. 6.2 shows the BER performance comparison of the primary trans-

mission using the proposed DSTFBC, single-input single-output (SISO) (e.g.

[179]), STBC (e.g. [180]) and interference cancellation at relay (ICR) (e.g.

[172]). The fading of links PS → {R1,R2} and {R1,R2} → PD are assumed

to be frequency-selective Rayleigh fading where the channel memory lengths

are LPSR1 = 5, LPSR2 = 7, LR1PD = 5 and LR2PD = 7. It is assumed that

the value of ξPSR1/N0 is �xed at 20 dB, ξR1PD = ξR2PD = ξRPD. The BER

curves are plotted as a function of SNR. The STBC scheme refers to the clas-

sical STBC devised for co-located antennas without relay nodes, where PS

is assumed to be equipped with two antennas, PD with single antenna, and

each path from one antenna from PS to PD has 6 taps (i.e. LPSPD = 5).

The performance of STBC for no-relay scenario is presented as a benchmark

to compare with the other schemes. The ICR scheme refers to the scheme

where the cognitive relay helps a primary and multiple secondary users de-
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code, precode and forward their messages to the respective primary receiver

and secondary receivers using a precoding scheme at the relay for interfer-

ence compensation. Here, the ICR scheme with known messages and the ICR

scheme with unknown messages from the source nodes are both taken into

consideration. In Fig. 6.2, SNR is referred to ξPSPD/N0 for the direct trans-

mission scenario without relay assistance, while SNR is referred to ξPSR2/N0

for the relaying scenario. Additionally, the ICR scheme with known messages

and the ICR scheme with unknown messages from the source nodes are both

taken into investigation. The performance of STBC is regarded as a bench-

mark. It can be observed that the ICR scheme with unknown messages from

the sources nodes shows the worst BER performance. The SISO and ICR

systems perform better than the DSTFBC in the high-SNR region due to the

existence of an error �oor when ξRPD is small. At high ξRPD/N0, the BER

performance curves of the DSTFBC and conventional STBC schemes have the

same slope, re�ecting the same diversity order. As proved in the PEP analysis,

the diversity gain of the proposed DSTFBC for the primary transmission is

min(LPSR1 , LR1PD) + min(LPSR2 , LR2PD) = 12, which is also the maximum

diversity gain of (2× LPSPD) = 12 achieved by STBC [75].

Figs. 6.3 and 6.4 show the BER performances of the primary and secondary

transmissions as a function of ξPSR2/N0 and ξSS1R2/N0, respectively, using the

proposed DSTBC for various combinations of channel lengths. For simplicity,

the transmission of SS1 is studied only. The performance of the transmission

of other CR users can be similarly obtained. All fading channels are Rayleigh

fading. It is assumed that ξPSR1/N0 = 20 dB, ξSS1R1/N0 = 15 dB, ξR1PD =

ξR2PD = ξRPD = 10 dB and ξR1SD = ξR2SD = ξRSD = 5 dB. For the primary

and secondary transmissions, the BERs for the following cases are compared:

• Case 1: LPSR1 = LPSR2 = LR1PD = LR2PD = 2, LSS1R1 = LSS1R2 =

LR1SD1 = LR2SD1 = 2 → diversity order = 4;

• Case 2: LPSR1 = 2; LPSR2 = 3, LR1PD = 2, LR2PD = 3, LSS1R1 = 2,

LSS1R2 = 3, LR1SD1 = 2, LR2SD1 = 3 → diversity order = 5;

201



6.5. Numerical and Simulation Results Chapter 6. DSTFBC

0 2 4 6 8 10 12 14 16 18 20 22 24

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

B
E

R

E
PSR

2

 / N
0
 [dB]

 L
PSR

1

 = L
PSR

2

 = L
R

1
PD

 = L
R

2
PD

 = 2

 L
PSR

1

 = 2, L
PSR

2

 = 3, L
R

1
PD

 = 2, L
R

2
PD

 = 3

 L
PSR

1

 = 3, L
PSR

2

 = 5, L
R

1
PD

 = 3, L
R

2
PD

 = 5

 L
PSR

1

 = 5, L
PSR

2

 = 7, L
R

1
PD

 = 5, L
R

2
PD

 = 7

 L
PSR

1

 = 6, L
PSR

2

 = 11, L
R

1
PD

 = 11, L
R

2
PD

 = 6

 L
PSR

1

 = 11, L
PSR

2

 = 11, L
R

1
PD

 = 11, L
R

2
PD

 = 11

Figure 6.3: BER performance of the primary transmission over Rayleigh fre-

quency selective fading channels with various combinations of channel memory

order.
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Figure 6.4: BER performance of the secondary transmission over Rayleigh fre-

quency selective fading channels with various combinations of channel memory

order.

• Case 3: LPSR1 = 3, LPSR2 = 5, LR1PD = 3, LR2PD = 5, LSS1R1 = 3,

LSS1R2 = 5, LR1SD1 = 3, LR2SD1 = 5 → diversity order = 8;
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• Case 4: LPSR1 = 5, LPSR2 = 7, LR1PD = 5, LR2PD = 7, LSS1R1 = 5,

LSS1R2 = 7, LR1SD1 = 5, LR2SD1 = 7 → diversity order = 12;

• Case 5: LPSR1 = 6, LPSR2 = 11, LR1PD = 11, LR2PD = 6, LSS1R1 = 6,

LSS1R2 = 11, LR1SD1 = 11, LR2SD1 = 6 → diversity order = 12;

• Case 6: LPSR1 = 11, LPSR2 = 11, LR1PD = 11, LR2PD = 11, LSS1R1 =

11, LSS1R2 = 11, LR1SD1 = 11, LR2SD1 = 11 → diversity order = 22.

Through the BER performance of the above six cases, it can be observed that

the diversity gain is improved with increased number of channel memory taps,

which results in steeper BER curves. Explicitly, in Figs. 6.3 and 6.4, the

curve for case 1 has the smallest slope while the steepest curve correspond to

case 6 since case 1 and case 6 achieve the lowest and highest diversity gain,

respectively. Also, it is observed that the curves for case 4 and case 5 have the

same slope at high SNR with the same achievable diversity order. These facts

con�rm the conclusion in Remark 6.3 regarding the achievable diversity gain

of the proposed DSTFBC.

0 2 4 6 8 10 12 14 16 18 20 22 24

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

B
E

R

E
PSR

2

 / N
0
 [dB]

 n
1
 = 0, n

2
 = 0

 n
1
 = 1, n

2
 = 0

 n
1
 = 3, n

2
 = 0

 n
1
 = 5, n

2
 = 0

 n
1
 = 10, n

2
 = 0

Figure 6.5: BER performance of the primary transmission over mixed Rician-

Rayleigh frequency selective fading channels with various Rician fading factors.
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Figure 6.6: BER performance of the secondary transmission over mixed Rician-

Rayleigh frequency selective fading channels with various Rician fading factors.

The performance of the proposed DSTFBC for both the primary and sec-

ondary transmissions over wireless fading channels where the relays are lo-

cated near the source nodes is drawn in Figs. 6.5 and 6.6. For this situ-

ation, the communication links {PS,SS1} → {R1,R2} and {R1,R2} →

{PD,SD1} are assumed to be LOS and NLOS, respectively, and thus the

fading channels {PS,SS1} → {R1,R2} are considered as Rician distributions

and {R1,R2} → {PD,SD1} as Rayleigh distributions. The channel memory

orders of fading channels {PS,SS1} → {R1,R2} and {R1,R2} → {PD,SD1}

are assumed to be LPSR1 = 6, LPSR2 = 11, LR1PD = 11, LR2PD = 6,

LSS1R1 = 6, LSS1R2 = 11, LR1SD1 = 11 and LR2SD1 = 6. In Figs. 6.5 and

6.6, the BER performances of the primary and secondary transmissions are

plotted as a function of ξPSR2/N0 and ξSS1R2/N0, respectively, with di�erent

values of Rician fading factor. Speci�cally, n1 is varied in {0, 1, 3, 5, 10} while

n2 = 0 since links {R1,R2} → {PD,SD1} are Rayleigh fading. The SNR

values of the other links are similarly set as in Figs. 6.3 and 6.4. It can be

seen that an improved performance is achieved as n1 increases. However, the
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slopes of the BER curves are almost the same at high SNR, which means that

they achieve the same diversity gain. This can be explained as the in�uence of

the LOS component on the BER gain through all ranges of SNR values where

the Rician fading parameter only produces coding gain to the PEP as it can

be seen in the analysis. This also con�rms the conclusion about the achiev-

able diversity gain mentioned in Remark 6.3, which is independent of Rician

fading factor. Additional results, which are omitted for brevity, also show the

same observations of achievable diversity gain and the same e�ects of Rician

fading factor on the performance of the proposed DSTFBC if the relays are

located near the destination nodes, i.e. the channels {PS,SS1} → {R1,R2}

and {R1,R2} → {PD,SD1} are characterised by Rayleigh and Rician distri-

butions, respectively.
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Figure 6.7: BER performance of the primary transmission over Rician fre-

quency selective fading channels with various Rician fading factors.

The scenario where the relays are located near the midpoint is now inves-

tigated. In this situation, all links {PS,SS1} → {R1,R2} and {R1,R2} →

{PD,SD1} are assumed to be LOS, and thus they are all characterised by

Rician fading. The BER performance of the proposed DSTFBC for both pri-
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Figure 6.8: BER performance of the secondary transmission over Rician fre-

quency selective fading channels with various Rician fading factors.

mary and secondary transmissions is plotted in Figs. 6.7 and 6.8 as a function

of ξPSR2/N0 and ξSS1R2/N0, respectively, with respect to various Rician fading

values and with the same assumptions of SNR values as in Figs. 6.3 and 6.4.

Speci�cally, �ve cases {n1 = 1, n2 = 1}, {n1 = 3, n2 = 3}, {n1 = 3, n2 = 5},

{n1 = 5, n2 = 3} and {n1 = 5, n2 = 5} are considered. The channel memory

orders of fading channels {PS,SS1} → {R1,R2} and {R1,R2} → {PD,SD1}

are assumed as in Figs. 6.5 and 6.6. Similarly, it can be observed that the BER

curves have the same slopes at high SNR and a reduced BER is always achieved

when either n1 or n2 increases. Speci�cally, the BER curves are only shifted

down with the same slope if either n1 or n2 increases. This means that they

achieve the same diversity gain, however, the increased Rician fading factor

provides further coding gain to the BER performance. This again con�rms

the statement in Remark 6.3 regarding the achievable diversity gain, which

depends only on the channel memory lengths.
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6.6 Conclusions

In this chapter, a new DSTFBC scheme has been proposed to facilitate the

cooperative transmission of both PU and SUs over frequency-selective fading

channels in two-hop cognitive wireless relay systems. The proposed DSTFBC

can achieve a data rate of N+1/N+2 and spatial diversity order ofmin(LPSR1 ,

LR1PD) +min(LPSR2 , LR2PD) for primary transmission andmin(LSSiR1 ,LR1SDi
)

+min(LSSiR2 , LR2SDi
), i = 1, 2, . . . , N , for secondary transmission. Particu-

larly, using the proposed DSTFBC design, data detection at both primary and

secondary destinations can be decoupled in the frequency domain for a low-

complexity receiver. The data rate of the proposed DSTFBC has been proved

to be higher than that of repetition code which only achieves a maximum data

rate of 1/3 for a two-relay system. Furthermore, the PEP performance has

been analysed for various scenarios of relay location represented by a mixed

Rayleigh and Rician frequency-selective fading channel model. The analysis

and simulation results have validated the theoretically derived diversity order

and have shown that the LOS component in Rician fading e�ectively improves

the error rate performance at the destination nodes.
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Chapter 7

Conclusions and Future Work

7.1 Summary of Original Work

This dissertation has addressed issues of data throughput in various wireless

relay network models with the main objective to improve the data throughput

in these networks. This objective has been tackled through various means of

achieving high-throughput relay communications by proposing and evaluating

new implementations of network coding (NC) and space-time coding (STC)

techniques. Speci�cally, this thesis has designed new automatic repeat re-

quest, channel quality indicator reporting, acknowledgement, retransmission,

spectrum sensing and diversity coding schemes in the context of wireless relay

channels. The original work in this thesis can be summarised as follows:

Chapter 1 summarised the motivation and main contributions of the thesis.

The concepts of diversity and MIMO techniques were brie�y summarised along

with the basic principles and speci�c protocols of cooperative communications

to indicate several physical layer issues and aspects of various relaying tech-

niques. Distributed STC was investigated to improve bandwidth e�ciency in

cooperative communications and physical layer NC was thoroughly examined

for an improved throughput in di�erent relay network models.

Chapter 2 proposed various automatic repeat request (ARQ) retransmis-

sion protocols for wireless two-way single-relay networks (TWSRNs) and multi-

source multidestination single-relay networks (MMSRNs) based on NC. Firstly,
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two improved NC-based ARQ schemes were developed for TWSRNs to reduce

the number of retransmissions. The combination of an improved NC-based

selective repeat ARQ scheme in the broadcast phase and a traditional selec-

tive repeat ARQ scheme in the multiple access phase was shown to achieve

the highest throughput e�ciency compared to other combinations of ARQ

schemes. Secondly, to cope with the delay latency issue when applying the

basic ARQ protocols to MMSRN, a new reliable ARQ transmission protocol

was proposed for MMSRNs over mixed fading channels. In this new ARQ pro-

tocol, two packet-combination algorithms for retransmissions at the relay and

sources were developed to e�ciently retransmit all lost packets. Mathematical

formulation of transmission bandwidth was also derived to show the superior

performance of this new NC-based ARQ protocol compared with some other

ARQ protocols. Two typical fading scenarios were considered where the relay

is located in the neighbourhood of either the sources or the destinations to

demonstrate the improved performance.

Chapter 3 was concerned with channel quality indicator (CQI) reporting

for data exchange in two-way multi-relay networks (TWMRNs). Two e�cient

CQI reporting schemes were proposed based on NC via XOR and superposi-

tion coding to allow two terminals to simultaneously estimate the CQI of the

distant terminal-relay link without incurring additional overhead. With these

proposed schemes, the transmission time for CQI feedback at the relays is re-

duced by half while the increase in complexity and the loss of performance are

negligible. Therefore, a system throughput improvement of 16.7% is achieved.

In order to study performance behaviour of the proposed schemes, upper and

lower bounds of the mean square error (MSE) of the estimated CQI were de-

rived to show that the MSE of the estimated CQI increases proportionally with

the square of the cardinality of CQI level sets, though an increased number

of CQI levels would eventually lead to a higher data-rate transmission. Fur-

thermore, a low-complexity relay selection (RS) scheme was proposed based

on the derived bounds to signi�cantly reduce the complexity by at least three

times for the case of a large number of relays.
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Chapter 4 proposed a new solution to deal with the problems of block ac-

knowledgement (ACK) and retransmission in wireless regenerative multi-relay

networks. Speci�cally, a block ACK scheme was �rstly proposed based on NC

to signi�cantly reduce the acknowledgement overheads and reduce the compu-

tational operators. The error probability of the determination of the packets

to be retransmitted at the source and relays was analysed to demonstrate that

the NC-based scheme also improves the reliability of block ACK transmis-

sions. Secondly, this chapter considered cooperative retransmission (CR) with

the assistance of all available relays. A CR scheme was proposed based on re-

lay cooperation and binary XOR operations to signi�cantly reduce the number

of packets retransmitted to produce a more power e�cient system with non-

overlapped retransmissions. The error probability of retransmission decisions

at the source and relays was also derived to realise the improved reliability of

the retransmissions with the proposed CR scheme. Furthermore, this chap-

ter derived the average number of packets to be retransmitted at the source

and relays, not only to demonstrate that the proposed CR scheme reduces the

number of retransmissions and removes overlapped retransmitted packets, but

also to determine the optimised number of relays used for the retransmission

phase.

Chapter 5 investigated cooperative spectrum sensing (CSS) mechanisms in

three-hop cognitive wireless relay networks (CWRNs) where the data trans-

mission from a source node to a destination node is realized with the aid of

two layers of cognitive users (CUs) in the transmission coverage of two primary

users (PUs). A new CSS scheme was �rstly proposed for a layer of CUs to

improve the spectrum sensing performance by exploiting both local decisions

at the CUs and global decisions at the fusion centre (FC). Additionally, the

probabilities of missed detection and false alarm were analysed for a practi-

cal scenario where all sensing, reporting and backward channels su�er from

Rayleigh fading. Through the derived expressions, it was not only shown that

the proposed CSS scheme achieves an improved sensing performance over the

conventional scheme but also characterised the e�ects of the fading channels
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on the sensing reliability. Furthermore, in this chapter, a CSS scheme was

proposed for two cognitive radio layers in a three-hop CWRN based on NC

via the binary XOR operator to help reduce one phase of sensing for a higher

system throughput compared to the conventional scheme which requires eight

phases in total to monitor all available spectrums of both PUs.

Chapter 6 proposed a new distributed space-time-frequency block code

(DSTFBC) for a two-hop nonregenerative CWRN over frequency-selective fad-

ing channels to achieve higher data rate of N + 1/N + 2, spatial diversity

gain and permit decoupling detection of data blocks at all destination nodes

with a low-complexity receiver structure. In the proposed new DSTFBC,

the relay nodes precode the received signals with a proper precoding ma-

trix prior to forwarding the data received from various sources to the des-

tination nodes. The precoding matrix was e�ectively formulated to enable

cooperative data transmission of all nodes in the CWRN. Furthermore, the

pairwise error probability analysis was provided to investigate the achievable

diversity gain of the proposed DSTFBC for three typical scenarios where the

relays are in the neighbourhood of either the sources or the destinations or

the midpoint. The proposed DSTFBC was shown to achieve spatial diversity

order of min(LPSR1 , LR1PD) +min(LPSR2 , LR2PD) for primary transmission

and min(LSSiR1 , LR1SDi
)+min(LSSiR2 , LR2SDi

), i = 1, 2, . . . , N , for secondary

transmission.

7.2 Future Work

Besides various proposals and designs presented in this dissertation, there are

still many potential issues that need to be investigated. Here, several current

challenges and possible extensions are provided as motivation for future work.

Most of the previous and recent research literature has been dedicated to

investigating distributed space-time block codes (DSTBCs) for one-way relay

networks considering either �at fading channels for narrowband communica-

tions or frequency-selective fading channels for broadband communications.
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The DSTBCs for NC-based two-way relay networks over various fading chan-

nels are still unknown. The question of how the relays in two-way relay net-

works combine the signals received from two end nodes in an e�cient way to

achieve both the bene�ts of improved diversity gain and enhanced throughput

by using both DSTBC and NC techniques requires to be investigated. Con-

sidering frequency-selective fading channels in two-way relay networks, other

related issues are the design of equalizers and the extraction method at an

end node for the required information based on the combined signal received

from the relay. In addition, methods of e�ective channel estimation at an end

node in the context of two-way relay networks over frequency-selective fading

channels also need to be investigated.

Another issue that a�ects the application of NC to practical wireless re-

lay networks is the requirement of symbol synchronisation at the relays. In

fact, the synchronisation of received symbol at the relays is assumed in most

of studies related to NC. A signi�cantly improved throughput of 100 % (i.e.

with only two time slots for data exchange) is only achieved with NC imple-

mentations when the relays receive simultaneously the data from two sources

so as to combine and then forward back to two sources. This means that

the data synchronisation is required at two sources. Thus, possible research

topics could include the synchronisation and scheduling of data transmission

in wireless two-way relay networks using NC. For example, the relays only

perform NC combination if they receive data from two sources at the same

time, otherwise they could help one source forward the data to another source

after a short time-out period instead of waiting for the simultaneous trans-

missions from two sources. These research topics could be later extended to

the scenario of data retransmission where the synchronisation is also strictly

required. As pointed out in previous work [37], the retransmission of the lost

packets in two-way relay networks can be carried out in an e�ective way using

NC. However, in this work, it has been assumed that the packets received at

the relay are well synchronised and scheduled. Similarly, an e�cient NC-based

acknowledgement of the lost packets was proposed for one-way relay networks
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in [44] to reduce the number of required signaling transmissions, i.e. block

ACK packets, and also to improve the reliability of the retransmission with

the assumption of perfect scheduling of data and block ACK packets at all

nodes in the network. Another approach of the scheduling investigation is the

data retransmission in multisource multidestination relay networks in [39, 40]

where an NC-based ARQ protocol was proposed to signi�cantly reduce the

transmission bandwidth with an implied assumption of well scheduling in the

whole network for both data and reporting channels. In fact, the imperfect

synchronisation and scheduling of the data and signaling information may re-

sult in the delay of the NC-based combination techniques proposed above.

The data acknowledgement and retransmission may be carried out using the

conventional non-NC-based schemes if certain synchronisation and scheduling

conditions are not satis�ed. Therefore, new e�cient acknowledgement and

retransmission mechanisms taking into account various synchronisation and

scheduling scenarios require to be developed and investigated.

For multi-relay networks, orthogonal relaying is often assumed to guarantee

that there is no correlation of the received signals at di�erent relays. In this

case, one relay transmits data independently and could not overhear the data

transmitted from the other relays. For non-orthogonal relaying, the overhear-

ing and interference of packets at the relay should be taken into consideration.

The interference could cause the reduction of performance in terms of error

probability but the overheard data could be helpful in increasing the data

throughput for a better spectral e�ciency. Thus, interesting topics could be

evaluating and quantifying the trade-o� between the reliability and throughput

in non-orthogonal relaying scenarios.

An important question in multi-user scenario is how users are managed

and share their resources. Interestingly, cognitive radio has been proposed

in [152] to provide an e�cient use of limited spectrum resources by allowing

secondary users to exploit the licensed bands when the primary or licensed

users are not in operation. The unused frequency bands are now utilized by the

secondary users, and thus the spectrum utilization is signi�cantly improved.
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Two concepts, cooperative spectrum sensing and cooperative spectrum sharing,

were presented as new robust sensing and sharing techniques. To cope with

the issues of these two techniques, cooperative spectrum sensing was proposed

in [48] based on NC to enhance the probability of detection of the primary users

and improve the system throughput. DSTFBC was also designed in Chapter

6 for cooperative spectrum sharing to improve the throughput and reliability

of the data transmission in CWRNs. Inspired by these research areas, well-

known cooperative techniques could be further investigated for cooperative

sensing and sharing, where both �at and frequency-selective fading channels

could be taken into account. Additionally, the impacts of channel coding on the

performance of the proposed schemes in the thesis in terms of both reliability

and throughput could be interesting topics to be investigated.
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