IOWA STATE UNIVERSITY

Digital Repository

Iowa State University Capstones, Theses and

Graduate Theses and Dissertations . )
Dissertations

2011

Data mixing at the source, relay, and in the airin
multiple-access relay networks

Young Jin Chun
Towa State University

Follow this and additional works at: https://lib.dr.iastate.edu/etd
b Part of the Electrical and Computer Engineering Commons

Recommended Citation

Chun, Young Jin, "Data mixing at the source, relay, and in the air in multiple-access relay networks" (2011). Graduate Theses and
Dissertations. 12180.
https://lib.dr.iastate.edu/etd /12180

This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at lowa State University
Digital Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University

Digital Repository. For more information, please contact digirep@iastate.edu.

www.manharaa.com



http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Fetd%2F12180&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Fetd%2F12180&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/etd?utm_source=lib.dr.iastate.edu%2Fetd%2F12180&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Fetd%2F12180&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Fetd%2F12180&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/etd?utm_source=lib.dr.iastate.edu%2Fetd%2F12180&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/266?utm_source=lib.dr.iastate.edu%2Fetd%2F12180&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/etd/12180?utm_source=lib.dr.iastate.edu%2Fetd%2F12180&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digirep@iastate.edu

Data mixing at the source, relay, and in the air

in multiple-access relay networks

by

Young Jin Chun

A dissertation submitted to the graduate faculty
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

Major: Electrical Engineering

Program of Study Committee:
Sang Wu Kim, Major Professor
Zhengdao Wang
Aditya Ramamoorthy
Ahmed E. Kamal

Jennifer Davidson

Towa State University
Ames, Iowa
2011

Copyright © Young Jin Chun, 2011. All rights reserved.

www.manharaa.com



ii

TABLE OF CONTENTS

LIST OF TABLES . . . . . . o ittt e e e e e e e e e et e e e v
LIST OF FIGURES . . . . . . it e et e e e e e e et e e e e vi
ACKNOWLEDGEMENTS . . . . . . o ittt et et et e et e e e e e ix
ABSTRACT . . . o it it e e e e e e e e e e e e e e e e e X
CHAPTER 1. INTRODUCTION . . . . . . ittt ittt it en 1
1.1 Motivation . . . . . . ... 1
1.2 Article Survey . . . . . oL 2
1.3 Outline of The Dissertation . . . . . .. ... ... ... ... ... ...... 4
CHAPTER 2. BACKGROUND AND RELATED LITERATURE. ... ... 5
2.1 Cooperative Relay Protocols . . . . . . . .. .. ... 5
2.1.1 Amplify and Forward relaying (AF) . . ... ... ... ... ...... 5

2.1.2  Decode and Forward relaying (DF) . . . . ... ... ... ........ 7

2.2 Space-time coding performance comparison . . . . . . .. .. ... L. L 7
CHAPTER 3. MIMO NETWORK CODING . ... ........0.0.u... 12
3.1 Imtroduction . . . . . . . . ... 12
3.2 System Model . . . . . . . .. 14
3.2.1 Link Outage Probability . . . . . . ... ... ... .. .. ........ 16

3.2.2  End-to-End Outage Probability . . . . . ... ... ... ... ..... 17

3.2.3 Generalization to Multiple Sources and Relays . . . . ... . ... ... 18

3.3 Combined Design Rule . . . . . . .. .. .. o 20
3.4 Adaptive Network Coding . . . . . . . . . . . . . 20

www.manharaa.com




iii

3.4.1 End-to-End Outage Probability . . . . . ... ... ... ... ...... 21
3.4.2 Decoding Error Probability . . . .. .. .. .. ... 0L 21
3.5 Numerical Results . . . . . . . . .. 24
3.6 Conclusion . . . . . . . .. 26

CHAPTER 4. ACHIEVABLE RATE AND RELIABILITY-RATE

TRADEOFF . . . et e e e e e e e e e e e e e 39
4.1 Introduction . . . . . . . . . L 39
4.2 System Model . . . . . . . . 40
4.3 Probability of Decoding Error . . . . . . . .. ... o 43
4.4  Asymptotic analysis and reliability-rate tradeoff . . . . . . . ... ... ... .. 46
4.5 Numerical Results . . . . . . . . . 50
4.6 Conclusion . . . . . ... 51

CHAPTER 5. INTERFERENCE CANCELLATION IN MULTI-USER

MIMO SYSTEMS . . . . ot it e e e e e et e e e e e e e 61
5.1 Imtroduction . . . . . . . . ... L 61
5.2 System model . . . . ... 62
5.3 Successive Interference Cancellation Ordering . . . . . . . . .. ... ... ... 64

5.3.1 LLR-based Ordering . . . . . . . . . . .. ... 64

5.3.2 SNR-based Ordering . . . . . . . . .. ... . 65

5.3.3 Computational Complexity Analysis . . . . ... ... ... .. ..... 65
5.4 Adaptive Transmit Mode Selection . . . . . . . ... ... ... ... ...... 66
5.5 Simulation Results . . . . . . ... oL oo 67
5.6 Conclusion . . . . . . . . 68

CHAPTER 6. INTERFERENCE CANCELLATION USING SINGLE

RADIO FREQUENCY CHAIN . . . . . . . it ittt e it i e e e 7
6.1 Introduction . . . . . . . . ... L 7
6.2 System Model . . . . . . . . . 78
6.3 Conventional Receiver Architecture . . . . . . . .. .. ... ... 0. 79

www.manharaa.com




iv

6.3.1 Zero-Forcing Detector . . . . . . . . .. .. oo 80

6.3.2 MMSE Detector . . . . .. ... ... 81

6.4 Proposed Receiver Architecture . . . . . . . . . . .. ... ... ... ... 81
6.5 Channel Estimation Issue . . . . . . ... ... L oo oL 83
6.6 Simulation Results . . . . . . . ... L 84
6.7 Conclusion . . . . .. .. L 85
CHAPTER 7. CONCLUSION . ... .. . ittt ittt 94
APPENDIX A. LINK OUTAGE PROBABILITY OF SM MODE . ... ... 96
APPENDIX B. GENERALIZATION TO K SOURCES ............. 98

APPENDIX C. ERROR PROBABILITY FOR ERROR PATTERN e; . ... 99

APPENDIX D. EIGENVALUES OF AXpp-AXH, ... ... ... . ..., 116
APPENDIX E. goc(7) FOR GOLDEN CODE . . . .ot vvii e e n 117
APPENDIX F. THE ACCURACY OF (6.16) AND (6.17) . . ......... 118
APPENDIX G. THE ACCURACY OF (6.22) AND (6.23) .. ......... 120
BIBLIOGRAPHY . . .\ ittt ittt et e e e e e e e 122

www.manharaa.com



LIST OF TABLES

Table 3.1 Adaptive parity generation rule . . . . . ... ..o 27
Table 4.1 Eigenvalues of AXgp - AX f{D for SM and GCmode . . ... ... .. 52
Table 5.1 Comparison of Computational complexities . . .. ... .. ... ... 69

Table C.1 ~ Codebook for Error Pattern e; = (e1,e9,e3,e4) = (0,0,0,0) . . .. .. 99
Table C.2 Codebook for Error Pattern es = (e, e2,e3,e4) = (0,0,0,1) . . . . .. 100
Table C.3  Codebook for Error Pattern e3 = (e1,es,€e3,e4) = (0,0,1,0) . . .. .. 101
Table C.4  Codebook for Error Pattern e4 = (eq,e2,€e3,e4) = (0,1,0,0) . . . . .. 102
Table C.5  Codebook for Error Pattern e; = (eq, e, e3,e4) = (1,0,0,0) . . . . .. 103
Table C.6  Codebook for Error Pattern eg = (e1,e9,€e3,e4) = (0,0,1,1) . . . . .. 104
Table C.7  Codebook for Error Pattern e7 = (e, es2,e3,e4) = (0,1,0,1) . . . . .. 105
Table C.8  Codebook for Error Pattern eg = (e1,e9,€e3,e4) = (1,0,0,1) . . . . .. 106
Table C.9 Codebook for Error Pattern eg = (e, e2,e3,e4) = (0,1,1,0) . . . . .. 107
Table C.10 Codebook for Error Pattern e;g = (e1,e2,€e3,e4) = (1,0,1,0) . . . . . . 108
Table C.11  Codebook for Error Pattern e;; = (e1, e, e3,e4) = (1,1,0,0) . . . . . . 109
Table C.12  Codebook for Error Pattern ej2 = (e1,e2,€e3,e4) = (1,1,1,0) . . . . . . 110
Table C.13  Codebook for Error Pattern e13 = (e1,e9,e3,e4) = (1,1,0,1) . . . . . . 111
Table C.14  Codebook for Error Pattern ej4 = (e, e2,e3,e4) = (1,0,1,1) . . . . . . 112
Table C.15 Codebook for Error Pattern e;5 = (e1,e2,e3,e4) = (0,1,1,1) . . . . .. 113
Table C.16  Codebook for Error Pattern ejg = (e1,e2,e3,e4) = (1,1,1,1) . . . . .. 114
Table C.17  Outage Probability P(out|e;) for error pattern e;, i =1,---,16 . . .. 115

www.manharaa.com




Figure 2.1

Figure 2.2

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 4.1

vi

LIST OF FIGURES

Three node relay network. . . . . . . .. ... Lo 10
MIMO system with M; transmit and M, receive antennas . . . . . . . 11
Symmetric multiple access relay network. . . . . . . . .. ... ... .. 28
Frame structure of non-cooperative network and cooperative relay net-

work, K =4. . . . . 29
P(out)sm — P(out)rp versus 7, /vs for fixed received SNR 7, = (4, +

29,)/4 =20 (dB),dg =1, K=4. . . . . .. ... .. ... 30

Decoding error probability of TD mode for several power ratio Gp = 7,/vs 31
Decoding error probability of SM mode for several power ratio Gp = 7, /7vs 32
Outage probability versus =, /(v + vs) for fixed received SNR 7, =

(4vs +27,)/4 (dB), R=1 (bps/Hz), dg, =1, K =4. . . .. ... ... 33

Outage probability versus received SNR v, with v, /s optimized, R = 4

(bps/Hz), dgr = 0.5, K =4. . . . .. ... 34
Comparison of adaptive and conventional network coding with 7, /vs
optimized, R =4 (bps/Hz), dg, = 0.5, K =4. . . . ... ... ..... 35
Outage error probability versus transmission rate R for fixed received
SNR v, =20(dB), dgr =1, v /vs =1, K =4. ... ... ... ..... 36
Decoding error probability versus source transmit energy Es/Nj at sev-
eral relay location . . . . . ... .o 37
Decoding error probability versus relay location d,q for fixed source
transmit energy Es/No . .« o o o 0o oo 38
Symmetric Multiple Access Relay Channel . . . . . . ... .. ... .. 53

www.manharaa.com



Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 6.1

vii

Probability of decoding error Pg versus Ejp/Ny, simulation versus union
Probability of decoding error Pg versus Ep/Ny for different number of
receive antennas np at the destination: K =5, R=1, a =4, v = v,
drp =05
Probability of decoding error Pg versus relay location d,p: K = 5,
R=1L,a=4,v%=v%=5dB,np=2 . ... ... ... ... ...
Probability of decoding error Pg versus E,/Ny for 4 different mode
selection scenarios: K =10, R=9, a =4, v =v,np =2,d.p =1

Probability of decoding error Pg versus Ey/Ng for different number of
relay nodes R: K =10, a =4, vs =7, np=2,d,p=1 . . . . . . ..
Probability of decoding error Pg versus Ej,/Ng for codewords with dif-
ferent Hamming weight: K =5, R=2, a=4,v=v,np=ngp=1 .
Error exponent E (K, R) versus rate K/(K + R): a« =4, 75 =7 =5

Multi-user, multi-mode MIMO System. . . . . ... ... ... .....
Multi-user MIMO System with adaptive transmit mode selection. . . .
Average BER versus bit SNR per receive antenna for different number
ofusers, M = 2. . . . . . . . ..

Average BER versus Bit SNR for fixed number of antennas, n; = 2,

Average BER versus received bit SNR for different mode selection meth-
ods,n =2,n, =8 M =2, K=4, L=4. . ... .. ... .......
Average BER versus received bit SNR for different L values, n; = 2,

o4

95

o6

o7

o8

99

60

70
71

72

73

74

75

www.manharaa.com



viii

Figure 6.2  Conventional receiver architecture. . . . . . . .. ... ... ... ... 87
Figure 6.3  Proposed receiver architecture for detecting the signal of the j-th user. 88
Figure 6.4  RF weighting block kj for the k-th receive antenna for detecting the

j-th transmitter signal. . . . . . .. .. Lo oo L 89
Figure 6.5  Bit error rate of the conventional receiver and the proposed receiver for

different values of T, rectangular pulse shaping, f.=1GHz, K = Np = 2,

Npe =1, e 90
Figure 6.6  Bit error rate of the conventional receiver and the proposed receiver for

different values of T, rectangular pulse shaping, f.=1GHz, K = N =4,

Figure 6.7  Bit error rate of the conventional receiver and the proposed receiver
for different values of Ny and RF Chains, rectangular pulse shaping, ,
fo=1GHz, K =4, Np =1, T=10"". . . . . ... ... ... ...... 92
Figure 6.8  Bit error rate of the conventional receiver and the proposed receiver for
different values of e, rectangular pulse shaping, f.=1GHz, K = N =4,
Nr=1,T=10"". . . . . . 93

www.manharaa.com




ix

ACKNOWLEDGEMENTS

This dissertation would not have been possible without the guidance and the help of several
individuals who in one way or another contributed and extended their valuable assistance in
the preparation and completion of this study.

First and foremost, I offer my sincerest gratitude to my supervisor, Dr. Sang Wu Kim,
who has supported me thoughout my thesis with his patience and knowledge. 1 want to
thank him for his inquisitiveness, insight, and inspiration. I have benefited tremendously from
his countless efforts and undaunting dedication to the intellectual and personal growth of his
graduate students. I would also like to thank Dr. Zhengdao Wang, Dr. Aditya Ramamoorthy,
Dr. Ahmed Kamal, and Dr. Jennifer Davidson for serving on my dissertation committee and
for contributing their broad perspective in refining the ideas in this thesis.

Last but not the least, I would like to thank my family. Their love, support, and encour-
agement have been with me every single moment. This dissertation is dedicated to them as an

inadequate but sincere expression of appreciation and love.

www.manharaa.com




ABSTRACT

The concept of cooperative relay is an essential technique for future cellular networks such as
wireless mesh networking or wireless ad-hoc networking. In a practical relay network, channel
coding, network coding, and antenna arrays, will coexist and yet the joint optimization of
these conventional coding schemes and cooperative relay is not well understood. To build a
design guideline for relay network, this dissertation develop a joint optimization methodology
for multiple coding schemes in multiple access relay network.

There are four major contributions in this thesis: First, we jointly optimize conventional
coding schemes and radio resources of multiple access relay network with multiple antennas.
The combined design of MIMO transmission modes, channel coding at the source, network
coding at the relay have been investigated. We develop optimal design rule that minimize the
end-to-end error probability. Second, we derive the fundamental tradeoff between achievable
rate and reliability of multiple access relay network with multiple antennas. We consider three
MIMO transmission modes, spatial multiplexing (SM), Alamouti coding as transmit diversity
(TD), and Golden Coding, and random linear network coding at the relay. We compare the
average decoding error probability of each transmission mode. Third, we present an interference
cancellation scheme for multi-user MIMO. The proposed Log-likelihood-ratio (LLR) ordered
successive interference cancellation (SIC) scheme provides 1 ~ 3dB gain over the conventional
SNR-ordered SIC and the gain increases with increasing number of users. Finally, we present
a new architecture for MIMO receivers that cancel the co-channel interference (CCI) using a
single radio frequency (RF) and baseband (BB) chain, while still achieving nearly the same bit

error rate that can be provided by the conventional receiver requiring multiple RF /BB chains.
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CHAPTER 1. INTRODUCTION

1.1 Motivation

The evolution of wireless communication technology has been dramatic over the past
decades. A new mobile generation has appeared every decade since the first 1G system (NMT)
was introduced in 1981, 2G (GSM) system that started to roll out in 1992, and 3G (W-
CDMA/FOMA) which appeared in 2001. Pre-4G technologies such as WiMAX and 3G Long
term evolution (LTE) have been on the market since 2006 and 2009 respectively. As the mobile
technology progresses, the mobile data traffic is also growing at an explosive rate; the mobile
traffic was reported to be two hundred thousand terabyte at 2003, six hundred thousand ter-
abyte at 2010, and is expected to reach 1.4 million terabyte at 2020. The explosive growth in
mobile communication has reached to a point where researchers have begun to develop wire-
less network architecture instead of the traditional point-to-point based communication with
central controlling base station.

One example of this trend is the multiple-access relay network where multiple sources com-
municate to a common destination with the help of cooperating relays. This new research trend
is based on the recognition that any wireless transmission from each transmitter can be received
and processed at other nodes to achieve a performance gain, rather than being considered as
interference. The basic relaying techniques, including amplify and forward (AF), decode and
forward (DF), and selective relaying, for cooperative relay was first introduced by Laneman
and Wornell in their seminal paper [1] which triggered interest in the study of cooperative relay
networks. Conventional coding schemes, such as channel coding, network coding, and antenna
array, has been applied to the cooperative relay in order to further improve the system perfor-

mance. However, it seems we are only beginning to understand about the joint optimization of
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multiple coding schemes within cooperative network and practical ways to approach them. In
order to have a design guideline for relay network, development of comprehensive optimization
theory among multiple coding schemes based on the relaying strategy is essential.

In this dissertation, we jointly optimize conventional coding schemes and radio resources of
multiple access relay network with multiple antennas. We investigate the combined design of
the MIMO transmission modes, channel coding at the source node, network coding strategy at
the relay, node location, and transmit power. We develop optimal design rule that minimize the
end-to-end error probability. In the present work, We consider four MIMO transmission modes
( spatial multiplexing (SM), beamforming and Alamouti coding as transmit diversity (TD), and
Golden Coding ), three types of network coding (NC) scheme at the relay ( deterministic NC,
adaptive NC, and random NC ), and two different error probability measures (outage proba-
bility and decoding error probability). We also present two practical MIMO receiver schemes.
First, Log-likelihood-ratio (LLR) ordered successive interference cancellation (SIC) scheme is
analyzed in multi-user, multi-mode system which provides 1 ~ 3dB gain over the conventional
SNR-ordered SIC in multiuser MIMO system and the gain increases with increasing number
of users. Second, we present a new architecture for MIMO receivers that cancel the co-channel
interference (CCI) using a single radio frequency (RF) and baseband (BB) chain, while still
achieving nearly the same bit error rate that can be provided by the conventional receiver

requiring multiple RF/BB chains.

1.2 Article Survey

Information theoretic study on the multiple access relay channel (MARC) was first in-
troduced in [2]. Outer bounds on the capacity of the MARC has been studied in [3], the
diversity-multiplexing tradeoff (DMT) has been developed in [4], [5], [6], and an outage min-
imizing relaying strategy has been studied in [7]. Among many literatures, the authors in
[8] and [9] analyzed DMT of single-relay system with single antenna nodes for half-duplexing
relays. MIMO relay channels were studied in [10] and [11] where the authors in [10] present
the DMT lower bound of nonorthogonal amplify and forward protocol and the authors in [11]

consider.the DMT of decode and forward (DF) and compress-and-forward (CF) protocols for
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both full-duplex and half-duplex relays.

In recent years, several network coding techniques for the MARC have been studied. Au-
thors in [12] investigated the cooperative diversity gain offered by the network coding, assuming
that the relays are able to decode all source messages reliably. Authors in [13] proposed a net-
work coding scheme based on low-density parity-check (LDPC) codes that accounts for the
lossy nature of wireless networks and showed that a significant coding/diversity gain can be
achieved. Hausl et. al. proposed a joint network-channel coding scheme based on turbo codes
for the case of two sources and one relay [18]. Authors in [19] presented LDPC code design for
decode-and-forward relaying in single-source single-destination scenario. Author in [16] inves-
tigated the tradeoff between reliability and rate as a function of node density and SNR, and
showed how the energy and node density can be traded in achieving a given reliability-rate pair
in single antenna case. [17] analyzed an network coded cooperation that adaptively matchs
networks-on-graphs to the well-known class of codes-on-graphs such as LDPC codes, which
enables real-time adaptation of network codes to variant link states and changing network
topologies.

Network coding for multiple antennas have been studied for special network geometries in
[18], [19]: [18] proposed a cross-layer design employing multiple antenna techniques and network
coding called a MIMO two-way relay for one dimensional mesh network and [19] investigated
the performance of MIMO network coding in the bi-directional relay network. An adaptive
relay protocol has been proposed for a network with single antenna relays in [20] - [22] and for
a network with multiple antennas using amplify and forward protocol in [23], [24]. Authors in
[24] proposed an adaptive antenna selection scheme at both the relay and the source for half-
duplex MIMO amplify and forward relay protocol. Rate optimization for relay network has been
addressed in [25] and [26]: [25] proposed a throughput optimal control policy for the parallel
relay network with decode and forward protocol. Authors in [26] analyzed the performance of
variable-rate two phase collaborative diversity protocols and optimized the transmission rate

based on the node location.
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1.3 Outline of The Dissertation

This dissertation is organized as follows: Chapter 2 summarizes the basic relaying techniques
of cooperative network and review space-time coding performance. Our main discussion and
results are contained in Chapter 3-4 and we investigate the combined design of the MIMO
transmission modes, coding rate, network coding strategy at the relay, node location, and
transmit power. Chapter 3 treats deterministic network coding and adaptive network coding at
the relay, and Chapter 4 treats the fundamental tradeoff between achievable rate and reliability
using random network coding. In Chapter 5 and 6, we present practical MIMO receiver schemes.
Chapter 5 treats LLR ordered SIC scheme for multi-user, multi-mode MIMO system, whereas
Chapter 6 cover a new architecture for MIMO receivers that cancel the co-channel interference

using a single RF /BB chain. Finally, Chapter 7 summarizes our conclusions and points to areas

for future research.
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CHAPTER 2. BACKGROUND AND RELATED LITERATURE

2.1 Cooperative Relay Protocols

In this chapter, we review cooperation strategies for relay network and compare space-time
coding performance. For relay network, we consider a simplified three node model as shown
in Fig. 2.1. and assume that source and relay transmit same energy £ = E; = E,. The
communication protocol consists of two orthogonal phases. In the first phase, a source sends
information to its destination, and the information is also received by the relay at the same

time. The received signals at the destination and the relay in the first phase are given by

Yas = \/E hdsl' + ngs
(2.1)

Yrs = \/E hrsx + Ny

where h;; indicate the channel gain between node i and j, n;; is the additive noise, and z is the
transmitted symbol. For Rayleigh fading, h;; is modeled as a Gaussian random variance with
mean zero and variance 0.5 per dimension. The additive complex Gaussian noise n;; has mean
zero and variance Ny/2 per dimension. In the second phase, the relay forwards a processed

version of the source’s signal to the destination which can be modeled as

Yar = \/E harq (yrs) + ng, (2'2)

and the function ¢(-) depends on the utilized relaying protocol.

2.1.1 Amplify and Forward relaying (AF)

In AF protocol, the relay transmits an amplified version of y,s to the destination. The relay

amplify the received signal by a factor § that is inversely proportional to the received power,
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so that the signal from the relay ¢(y,s) has transmit energy F.

VE

= BYps, - 2.3
q (Yrs) Yrs, B Bl + Mo (2.3)
The received signal at the destination in the second phase according to (2.2) is given by
VE
= h +n
Ydr E|hrs|2 TN drYrs dr
JE (2.4)
= \/Ehdrhrsx +nl,
VE|hqs|? + No
where 1, is a complex Gaussian random variable with mean zero and variance N.
El|hg,|?
Ny=No (14 =——"7"—— 2.5
0 0( E|hys|? + No (2:5)

The destination receives two representation of the signal x through the source link and relay

link and apply maximal ratio combining (MRC) as follows.

Y = a1Yds + a2yqr (26)

The combining factors a; and as are choosen to to maximize the combined SNR.

E
 VER, BN Y Bl 2.7)
N, ™ N

ai

By assuming that the symbol = has unit energy, the received SNR of the MRC output is

Yy=m+72 (2.8)
where
la1VEhgs|>  E|hgs|? ) E
and

E 2
VEmrw VEharhes” 1 B2y P

laz
2= |as 2N " No E (Jhrs 2+ [har2) + No (2.10)

o F2|hdr|2|hm|2
T (Jhrs]? + [har?) +1

Hence, the mutual information for amplify-and-forward relaying is given by

1
++72) = 5 log (14 Dlhgs|® + f(T)hes|? Tlhar %)) (2.11)
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where

[z, y) £ # (2.12)

The outage probability can also be obtained by averaging over the Rayleigh fading which can

be simplified at high SNR as follows

2
PI4r < R] ~ (22RF_ 1) (2.13)

We note that AF protocol achieves diversity order 2.

2.1.2 Decode and Forward relaying (DF)

In DF protocol, the relay decode the received signal, re-encode it, and then retransmit it to
the receiver. We denote the decoded signal at the relay as & and the transmitted signal from
the relay as vE&. The end-to-end mutual information of DF protocol is limited by the mutual
information of the weakest link between the sourcerelay and the combined channel from the

sourcedestination and relaydestination as follows.

1
Ipp = 5 min {log(1 +T|hys|?), log(1 + Tlhas|* + Tlhar[*) } (2.14)

The outage probability for DF protocol is given by P[Ipr < R] and can be written as

22R _ 1 22R _ 1 228 1
P[IDF<R]:P{|hrs|2< }+P{’hrs|2> T }P{|hds|2+|hdr|2< }

r r
(2.15)
At high SNR, the outage probability can be simplified as follows
221 1
P[IDF < R] ~ T (2.16)

We note that DF protocol provides diversity order 1, because the performance of the system is

limited by the worst link from the source to relay and the source to destination.

2.2 Space-time coding performance comparison

In this section, we consider a space-time (ST) coded MIMO system with M; transmit and

Mp-receivesantennas-as-shown in Fig. 2.2. The ST encoder divides input data stream into k
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bit long blocks and, for each block, selects one ST codeword from the codeword set of size 2%.
The selected codeword is then transmitted through the channel over the M; transmit antennas

and T time slots. Each codeword can be represented as a T' x M; matrix

1 2 My
Cl Cl PR Cl
C = (2.17)
1 2 My
_CT CT o .. CT ]

where ¢! denotes the transmitted symbol from i th antenna at time t. We assume that the
codewords satisfy energy constraint E[||C||%] = M;T, and the channel is frequency flat, quasi-
static fading. The channel state information (CSI) is available at the receiver, but not at the

sender. The received signal y{ at j th antenna at time ¢ can be expressed as

. E M :
yl =4/ Mt Z cihij + 2] (2.18)
i=1

where 2] is the complex Gaussian noise at receive antenna j at time ¢ and E is the average

received SNR at each receive antenna. (2.18) can be rewritten as follows

E
- = 2.19
Y MtCH—I—Z (2.19)

where Y = yf is the received signal matrix of size 7' x M,, H = h;; is the channel coefficient
matrix of size My x M,, and Z = zg is the noise matrix of size T x M,. The receiver decode

the transmitted matrix using ML decoding as follows.

) . [E
C= arg min Y — ECHH% (2.20)

The average pairwise error probability given that codeword C, is transmitted and Cj, is detected

is determined as follows.

P(Ca— G)) = Bn [Q (\/QEMtnca - cb||F)

—M;
14 Ex\ M 1/ B\ (L

<= 1 R i

- 21—11( * 4Mt) ) (4Mt) (g ’)

1=

(2.21)

where r = rank(C, — Cp) and ); are the non-zero eigenvalues of (C, — Cy)(Cyq — Cp). Two ST

------ ign-eriteriascan-be-developed based on the upper bound (2.21).
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e Rank criterion: The minimum rank of the code difference matrix C, — C} should be as
large as possible. If the matrix C, — Cp has full rank, the corresponding ST code achieves

full diversity.

e Product criterion: The minimum value of [];_; A; should be as large as possible. This

quantity is referred to as the coding gain achieved by the ST code.
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Relay

Destination

Source

Figure 2.1 Three node relay network.
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Figure 2.2 MIMO system with M; transmit and M, receive antennas

www.manharaa.com



12

CHAPTER 3. MIMO NETWORK CODING

In this chapter, we consider a multiple access relay network where multiple source nodes
send independent packets to a common destination with the assistance from a relay node. We
assume that the relay node is equipped with multiple antennas and is allowed to choose either
spatial multiplexing (SM) or beam forming mode as transmit diversity (TD). We develop a
combined design methodology for MIMO transmission, network coding at the relay node, and

channel coding rate at the source nodes that minimizes the end-to-end outage probability.

3.1 Introduction

We consider a multiple access relay network where multiple source nodes send independent
packets to a common destination with the assistance from a relay node. We assume that
the relay node is equipped with multiple antennas and is allowed to choose either spatial
multiplexing (SM) or beam forming mode as transmit diversity (TD). The main objective of
this chapter is to propose a transmission mode selection scheme at the relay which optimize
these three linear combinations concurrently.

There are numerous works that optimize either the network coding, the MIMO transmission
modes, or the data rates in multiple access relay channel. Network coding techniques for
single antenna relay network have been studied in [84] - [30]. The cooperative diversity gain
offered by the network coding has been investigated in [84]. [85] proposed a network coding
scheme based on low-density parity-check (LDPC) codes that accounts for the lossy nature of
wireless networks and showed that a significant coding/diversity gain can be achieved. Authors
in [86] investigated the tradeoff between reliability and rate as a function of node density

and SNR, and showed how the energy and node density can be traded in achieving a given
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reliability-rate pair in single antenna case. [30] analyzed an network coded cooperation which
adaptively match networks-on-graphs to the well-known class of codes-on-graphs such as LDPC
codes. This approach enables real-time adaptation of network codes to variant link states and
changing network topologies. Network coding for multiple antennas have been studied for
special network geometries in [87], [88]. [87] proposed a cross-layer design employing multiple
antenna techniques and network coding called a MIMO two-way relay for one dimensional mesh
network and [88] investigated the performance of MIMO network coding in the bi-directional
relay network. An adaptive relay protocol has been proposed for a network with single antenna
relays in [89] - [91] and for a network with multiple antennas using amplify and forward protocol
in [92], [93]. Authors in [93] proposed an adaptive antenna selection scheme at both the relay
and the source for half-duplex MIMO amplify and forward relay protocol. Rate optimization
for relay network has been addressed in [38], [39]. [38] proposed a throughput optimal control
policy for the parallel relay network with decode and forward protocol. Authors in [39] analyzed
the performance of variable-rate two phase collaborative diversity protocols and optimized the
transmission rate based on the node location.

These previous works solve optimization problem for the specific linear combination. They
either optimize the network coding and MIMO, adapt the relay protocol for different network
model, or optimize network coding and channel coding. However, if multiple linear combi-
nations coexist in the network, these approaches provide a suboptimal solution. With this
motivation, we analyze a multiple access relay network where three types of linear combina-
tions coexist and optimize these combinations concurrently. To that end, we derive the outage
probability with the maximum likelihood decoding at the destination, and investigate the effect
of the MIMO transmission modes at the relay, coding rates from each source, relay locations,
and different network coding schemes on the outage probability. Throughout the outage proba-
bility analysis, we propose an optimal MIMO mode selection scheme which depends on channel
codings from the source, the network coding at the relay, and the MIMO transmission modes.
This mode selection scheme serves as a design guideline for an optimal relay network.

The remainder part of this chapter is organized as follows. A system model is described

in Section II and the outage probability is derived in Section III, and Section IV presents the
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optimum MIMO mode selection scheme. Section V provides numerical results and Section VI

concludes the chapter.

3.2 System Model

Consider a multiple access relay network shown in Fig. 3.1, where K sources send distinct
messages to a common destination with the assistance by a relay. The communication protocol
consists of two phases. In the first phase, each source is assigned an orthogonal channel, and
transmits its message to the destination after channel coding. Let u; denote the message of the
i-th source and x; = (x;1,%i2,- -+ ,Tin) denote the transmitted channel codeword of u;. Due
to the broadcast nature of the wireless medium, the relay may also overhear the codewords
X1,Xo, -+ ,Xf possibly with some errors. If the relay successfully decodes all K codeword ', it
makes a linear combination of decoded words, encodes the network coded data, and sends the
result to the destination. If at least one codeword is received in error at the relay, it remains
silent during the second phase.

We assume that the relay is equipped with two antennas and may choose one of two MIMO
transmission modes: spatial multiplexing (SM) and transmit diversity (TD). In the SM mode,
the decoded words ui, - ,ug are divided into two groups and decoded words in each group

are linearly combined to yield two network encoded vectors

K/2 K
SM : V1 = Zaiui, Vo = Z bl-ui (3.1)
=1 i=K/2+1

where the coefficients a;, b; are elements in GF(M). Then, v; and vg are channel encoded and

the resulting codewords p; and p, are sent to the destination. In the TD mode, the decoded

words uy, - ,ux are linearly combined to yield a network coded vector
K
TD : Vo = Zciui (32)
i=1

Then, v is channel encoded and the resulting channel codeword p; is sent to the destination

after applying a proper weighting factors for beamforming.

!The relay uses cyclic redundancy check (CRC) code for error checking.
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We assume that each source is located at unit distance from the destination (dgs = 1) and
the relay is located at distance dg,. € [0, 1] from the destination. The distance d,; between i-th

source and the relay is given by

dr’i = \/dgr + d?ls - Qdd'f‘dds COS 01 9 1= 17 e 7K (33)

where the angle 0; is shown in Fig. 3.1. The channel gain between nodes i and j, h;j, is given

h'L] = 4 /di_ja . Z’L] (34)

where d;; is the distance between nodes ¢ and j, « is the path loss exponent and z;; captures

by

the channel fading characteristic. For Rayleigh fading, z;; is modeled as a Gaussian random
variable with mean zero and variance 0.5 per dimension.
The received signals at the destination and the relay in the first phase when x; is sent by

the ¢-th source are given by

Yai = haixi +1ng;
(3.5)

Vi = hpiXq + Dy

where n;; is the complex Gaussian vector with mean zero and variance Ny/2 per dimension.

The received signals at the destination in the second phase are given by

Ya = g1P1 + 92P2 + Ny
rlsw (3.6)

Yarlep = (1917 + l921*)Po + ngr
where g, 7 = 1, 2 is the channel gain between the r-th antenna of the relay and the destination.
The frame structures are compared in Fig. 3.2. Without relay, each source transmits its
packet during T seconds. With relay, each source and relay transmits its packet during 7.
seconds, where T, = TK/(K 4 1). To achieve the effective rate of R bps/Hz, R has to be
changed to R. = R(K + 1)/K for the network with relay.
In this section, we derive the outage probability with the maximum likelihood (ML) decod-

ing at the destination. We derive four users case (K = 4) first and extend the result to K users

in general.
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3.2.1 Link Outage Probability

For notational simplicity, we denote the link outage of x; as X;. Similarly, the link outage

of p;, [ =0,1,2 is denoted by p;. The link outage probability for x; is given by

pas = P(Xi) = P(I(x; : yg;) < Re)

(-57)
=1l—exp| —
Vs

where v, = d;*Es/Ny is the received SNR of the source symbol at the destination 2. For

(3.7)

S; = R channel with MRC at the relay, the link outage probability at the relay is given by

Pri £ P(I(x; 1 y,) < Re)

2fte 1 ofte 1
=1- (1 + ) exp (— )
Vri Vri

where v,y = d_*FEs/Ny is the received SNR of the i-th source symbol at the relay. The link

(3.8)

outage probability of R — D channel in TD (beamforming) mode is given by

prp = P(By) = P(I(pg : ya,) < Re)

2Rc -1 2RC ~1 (3'9)
(e (Y
Ir Vr

where v, = d,*E, /Ny is the received SNR of the relay provided symbol at the destination.

The proof of (3.7), (3.8), (3.9) are in [94]. The link outage probability for R — D channel in

SM mode is given by

psm = P(py) = P (I(py : ya) < Re)

22Rc - 2Rc 22Rc -1
L (1 B (o)
Vr Vr

which is the outage probability for p,;. Proof of (3.10) is provided by the Appendix A. At high

(3.10)

SNR, it follows from the approximation exp(z) = 1 — x for z < 1 that (3.7)-(3.10) can be

() e (5
Pds = y Dri =
Vs Yri
() e ()
pPTD = y DPSM =
Yr Vr

since all source are located at unit distance from the destination.

approximated as

(3.11)
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3.2.2 End-to-End Outage Probability

We derive the end-to-end outage probability for x;. The end-to-end outage probability
for other sources can similarly be derived. The outage event for x; depends on whether the
relay decodes x1,- - ,x4 (denoted as r) or not (denoted as nr). Given the event r occurs, the
end-to-end outage in SM mode occurs if and only if X; occurs and X3 or p; occurs. Therefore,

the end-to-end outage probability for X; given r is
P(out|r) = P(%X;) x P(X2 UD;) (3.12)
In TD mode, the end-to-end outage for X; occurs if and only if X; occurs and X, or X3 or X4
or py occurs. Therefore,
P(out|r) = P(%;) x P(X2 UX3 U4 UDy) (3.13)

in TD mode.

P(out|r) indicates that even if x; fails from the direct transmission, the destination may
still recover x; by combining x2 and p; in SM mode or by combining x2, X3, x4 and py in
TD mode. The last term in (3.12)-(3.13) can be further simplified by using an addition rule of
probability P(A; U As) = P(A1) + P(A2) — P(A1 N A2) and the independence of events (i.e.,

independence of the channel) as follows.

P(out|r)sm = pas psm + (1 — psm)pgs (3.14)

P(out|r)tp = pas pro + (1 — pTD)st [st — 3pds + 3]
Given the event nr occurs, the end-to-end outage occurs if the direct link is in outage. Hence,

we obtain
P(out|nr) = P(X1) = pas (3.15)
Therefore, the end-to-end outage probability for x; is given by

P(out) = P(out|nr)P(nr) + P(out|r)P(r) (3.16)

where P(r) = Hle(l — pri) is the probability that x;,- - ,x4 are correctly decoded at the relay
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Although TD mode provides a diversity order of 2 for the relay-to-destination channel, four
codewords (x32, x3, X4, and py) have to be correctly received at the destination in order to
recover x; from py, whereas in SM mode two codewords (x2 and p;) have to be correctly
received at the destination. For this reason, if the source-to-destination channel is noisy, then
SM mode provides a lower outage probability than TD mode. However, if the source-to-
destination channel is reliable, the probability of X; is small and the diversity order of p; plays

an important role. Thus, TD mode provides a lower outage probability than SM mode.

3.2.3 Generalization to Multiple Sources and Relays

First, if there are K sources and a single relay,

K

P(r)=][Q-pn), Plor)=1-P(r) (3.17)
=1

and the second term in (3.12)-(3.13) becomes

P <§§/2 U§1> =1—(1—psm)(1 — pas)/*! (3.18)
in SM mode and
P(xFUPg) =1—(1—prp)(1 —pas) " (3.19)
in TD mode where
Xy 2% UR3 U URg (3.20)

Proof of (3.18), (3.19) is provided in Appendix B. Then, the outage probability P(out) for
multi sources, single relay case can be calculated by substituting (3.17)-(3.19) into (3.16).
Second, if there are K sources and R relays,
R K
Py =II1]Q-pr), P(nr)=1-P(r). (3.21)
r=1i=1
For simplicity, we ssume that power control is applied to each relay, so that the received SNR

v of the relay provided codeword at the destination is identical. We denote the r-th relay’s
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network coded codeword as py,, Py, for SM mode where r indicate the r-th relay and the

network encoding rules are given as follows.

SM: vy, = Zazuz, Vo = Z b;u; (3.22)

i=n+1
If x; fails from the direct transmission, the destination may still recover x; by combining
(x2,%X3, "+ ,Xn, P11, - s P1r) Where each py, is linearly independent. Hence, the end-to-end
outage in SM mode occurs if and only if X; occurs and any [ (I > R) out of R+ (n — 1)

codewords (x2,X3, " ,Xn, P11, * ,P1g) are in outage.

P(out|r)sm = P(X1) x P( ¥ [l out of R+ (n — 1) codewords are in outage, | > R )

n—1 R i i —q .
= Dds Z Z ( >(Z-2>pdls (1—pds)(n 1)— zlpSQM (1_pSM)R iz JifR>n—1

i11=01i2=R—11

_pdsl Z Z (n_ 1) (R)Pds (1= pas) ™7 p2 (1 — psm) 72

i1= 012 R—i1

-1
+ Z (n )pﬁls —pas) "V ifR<n—1
(3.23)
where pgs = P(X;), psm = P (Py,) are given in (3.7) and (3.10), respectively.
For TD mode, the r-th relay’s network coded codeword py), is generated as follows.
K
TD : Vor = Zciui (324)

i=1
The end-to-end outage occurs if and only if X; occurs and any [ (I > R) out of R+ (K — 1)
codewords (x2,X3, - ,XK,Po1, " ,Por) are in outage. Hence, P(out|r)rp can be similarly
derived by replacing n to K in (3.23) and pgy to prp. We note that the diversity order of

P(out|r) in (3.23) is R+ 1 for a fixed received SNR per information bit v, = (K~ + 2Ry,) /K

P(out|r)sm = pds [pdlspszM ]
o1 1 1
. 1 1
,er)nin(il—i—iz)—i-l ,ylf?—l—l
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3.3 Combined Design Rule

In this section, we develop a combined design rule that determines the MIMO transmission
mode, network coding at the relay, and code rate R at the source that minimizes the end-to-end

outage probability.

P(out)smy = P(out)tp (3.26)

If the terms with diversity order greater than 1 are ignored, (3.26) can be simplified to

K TD
(5 - 1) pas +osm 2 (K —1)pys (3.27)
SM
which is equivalent to
D K
f(K7 RC?’YS,’VT) 2 -~ 1 (328)
SM 2

and

K 2. 1
f(Ka Rcvr}/&fyr) = - €Xp | —
2 Vs

22RC _ 2RC 22RC -1
Yr Vr

At high SNR, it can be shown from (3.11) that the MIMO mode selection rule in (3.28) is

(3.29)

equivalent to

v 1D 2
S (3.30)

We note that as the number of users K increase, SM mode provides better performance than
TD. This is because for large K, the right-hand side of (3.27) is much bigger than the left-hand

side psm, so the end-to-end outage probability of SM provides lower value than that of TD.

3.4 Adaptive Network Coding

In this section, we relax the relaying condition in Section III (i.e., the relay combine correctly
received codewords, and cooperate even in the case with detection error. ), and derive the end-

; well as the decoding error probability for K = 4 case.
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3.4.1 End-to-End Outage Probability

We apply the network coding rule presented in Table 3.1. The error event e; = 0 indicates
that the corresponding codeword is correctly decoded at the relay, whereas e; = 1 indicates
decoding error. The outage probability P(out|e;) for error pattern e is given by (3.14)

P(out|er)sm = pas [1 = (1 =psm) - (1 _pds)} (3.31)

P(outler)tp = pys [1 —(1—pm)-(1 —pds)?’}
and the outage probability for other error patterns are presented in Table C.17. Hence, the

end-to-end outage probability of adaptive network coding is given by

16
P(out)SM or TD = Z P(el) . P(out\ei)SM or TD- (332)

ei,izl
3.4.2 Decoding Error Probability

For this section only, we assume that each source node transmit a binary bit x; € {0, 1},
i=1,---,4 to the destination over orthogonal channels. The received signal at the destination

and the relay in the first phase when z; is sent by the i th source are given by

Yai = hai(=1)""\/d; > Es + ng;
(3.33)

Yri = hpi(=1)""\/d ;" Er + nyi
where yg4; and y,; are complex scalars. Based on y,;, the relay decode z; as &; = x; & e; with
decoding error e; where the decoding error probability p(e; = 1) depends on the receiver scheme

at the relay such as maximal-ratio combining (MRC) or equal-gain combining (EGC).

After decoding, the relay check for errors using CRC code and exclude the symbols with
error from parity generation. The relay partition the source nodes into subgroup and generate
the parity bit using only the symbols from the corresponding subgroup as shown in Table 3.1.

For example, if the relay use SM mode, there are two subgroups; {z1,z2}, {z3, z4}. The relay

generate two parity bits pi, pe using the symbols out of each subgroup as follows.

P1=T1D T2, p2=13D7T4 (3.34)
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when all symbol are correctly decoded at the relay. If x5 has a detection error (i.e., ea = 1),
the generated parity bits are given by
p1 =1, p2=13D 14 (3.35)

If both symbol in a subgroup has detection error (e.g., x1,z2 are both in error ), the corre-

sponding parity bit forwards same parity bit from the other subgroup as follows
P1 = py = 13 D x4. (3.36)

For TD mode, the relay use all 4 symbols {z1,x9,z3,24} to generate a parity bit pg = z1 &
To @ x3 ® x4 and transmit it using beamforming. The received signals at the destination in the

second phase are given by

Yarlgy = (91(=1)"" + g2(=1)"?) \/ dy " Er + gy

var|pp = (91 + [921*)por/ dg, By + nay

The destination decode the transmitted codeword using ML decoding based on the received

(3.37)

signals (Y41, Yde, Yd3, Yd4, Yar) during two consecutive phase.

The adaptive network coding rule for multiple access relay network is presented in Table
3.1 and the codebook for each error pattern e; = (eq, s, €3, e4) is given in Appendix C. First,
we derive the union bound of decoding error probability for a particular error pattern e;. Let
Co = (Ta1, " ,%a4,Pa,1,Pa2) and €y = (Tp1,- -, Tha,Pb1,P,2) be two distinct codewords. The

conditional pairwise error probability with ML decoding is given by

4
Prica =) =E Q[ | O ¥aai — vnaill® + |Yaar — v.arll?)/2No0
=1 (3.38)

4
1 [Ya.di — Yb.dil > [Ya.dr — Yb.ar|[*

< = E; . s I E Rt b it

=2 1-1211 hai [eXp( 4N, gr | XP 4Np

For Rayleigh fading channel hg; and g,, we have

1
Ehy; ~Yadi — Ysail*/4No)] = ,
o0 (s = walP 4] = | s G99
which is proved in [56] for point-to-point channel and
Ny 1
E - a.dr — T 2 4N = 3.40
gr [eXp( Hy ,d: yb,‘i H / 0)] ,,H |:1 +d;7«a)\nEr/NO:| ( )
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which is derived in [57] for n, x 1 MISO channel and )\, are the eigenvalues of code-difference
matrix. The eigenvalues for TD mode are given by A\i = X2 = (pa,0 © Ppo) Where poo =
21 @ 12 B x3 B x4 and that for SM mode are given by \; = Z?:l(pa,i @ pp,i) and Ay = 0 where

Pa,i are defined in (4.5). Then, (4.10) can be expressed as

1 4 1 1
Pr(cq — cb)SM <= .
’ };[1 L+ (Zai ©api)ys |1+ Z?:l(pa,i D Pui)vr
o 1 1 \ (3.41)
Pr(cq, — cp ™ < = . [ }
(cq ) 2 H 1+ (T © 2pi)Ys L1+ (Pao S Poo)Yr

=1

where @ denotes mod-2 addition (XOR) and v = d;*Es/No, v, = d*E, /Ny are the receive
signal-to-noise ratio at the destination from the source node and relay node, respectively. The

union bound on the probability of decoding error, for a given error pattern e;, is given by

PE (el)SM or TD < Z Pr (Ca - Cb)SM or TD (342)

Cp#Cq

Averaging (4.16) over all possible codeword in Table C.1 yields

1 1 1 \?
P (e1)*™M < 4 _ ) +2 _
1""'73 1+’7r 1""75
1 \? 1 1\ 1 1 \*
_ — ) +4 _ — ) + —
1475 1+ 2%, 1474 147, 1+ 74
1 1 \? 1 \?2
_ — ) +6 _
1"’_’78 1+'7r 1"‘73
: )5( : >2 ( : )4
_ — | + _
+7s 1+ 1+ 7

where the error event e; occurs with probability P(eq) = H?Zl(l — Peri) and pe i = Ple; = 1)

(3.43)

indicate the link error probability between ¢ th source and the relay.
The union bound for other error patterns are presented in Appendix C. Hence, the average

decoding error probability for adaptive network coding is given by

16
P(E)sm or T0 = », P(ei) - Pr(e;)*™ P, (3.44)

ei,izl
where Pg(e;)™M " TP and P(e;) are derived in (C.1)-(C.31). Based on the decoding error
probability analysis, we observe that for TD mode, we can control the dominant term in the

error-probability-and-eventually determine the diversity order of the system by changing the
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SNR ratio between relay and source Gp = 7, /7s. For example, consider the union bound for

error pattern e; in (3.38). At high SNR, the two dominant terms in Pg (€)™ are given as

b 1 1 \? 1 \?
P ™ <y 6
s (@) < <1+%> <1+%> - (1+%>
1 1 \?2 1
< 4 +6
1+75 1"‘77“ 1+'Ys

If (1+4%)2 < (HG%) (ie, (1+79)2/(1+7s) >2/3 — 42/vs > 2/3 at high SNR ), then the second

follows

(3.45)

term is dominant and the diversity order Py (€)™ is 2. However, if 4/(1 +7,)2 > 6/(1 + s)
(ie, (1+9)2/(1+7s) <2/3 = ~2/vs < 2/3 at high SNR ), then the first term is dominant
and the diversity order Pg (el)TD become 3. This characteristic of TD mode is well captured
in Fig. 3.4. We note that v2/vs = G% x /(1 + 0.5Gp) is a strictly increasing function of
the SNR ratio Gp = =, /7s for a fixed 7. For SNR ratio Gp above a threshold, the decoding
error probability curve decrease with diversity order 2, whereas for Gp below the threshold,
the decoding error probability decrease with diversity order higher than 2. The reason why
we have this type of characteristic can be explained as follows. For coding perspective, the
codebook Table C.1 has minimum distance dmin = 2, so we have coding diversity 2. For path
diversity perspective, however, each information bit x; has overall path diversity 3, because the
source to destination link provide diversity 1 and relay to destination link provide additional
diversity 2 by using beamforming. Since coding diversity 2 term and path diversity 3 term
co-exist in the decoding error probability of TD mode, we can control the dominant term in
the error probability and determine the diversity order of the system by changing the SNR ratio
Gp = 7 /vs. However, for SM mode, each information bit x; has path diversity 2 since the relay
to destination link provides diversity 1, and the coding diversity is still 2 (i.e., dymin = 2). Hence,
the decoding error probability curve for SM mode decrease with diversity order 2 regardless to

the SNR ratio Gp as illustrated in Fig. 3.5.

3.5 Numerical Results

In this section, we present numerical results, assuming that each source is located at unit

distance from the destination, and at angle § = (01,62,03,04) = (5%, 5, 5, §). We assume

o3
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that the transmit energy per information bit Ej, = (4Es + 2E,)/4 is fixed and the path loss
exponent is a = 4.

Fig. 3.6. shows the end-to-end outage probability versus 7, /(v + vs) for two values of
received SNR per information bit v, (dB). We can see that for +, /(v + 7s) above a threshold
(0.3 ~ 0.4), SM is better than TD. This is because the additional improvement of reliability on
the relay-to-destination link offered by TD mode does not help much in reducing the end-to-end
outage probability when the relay-to-destination link SNR ~, is high enough. For a given 3, an
increase of ~y, requires a decrease of 75 which makes pgy negligible than pgs in (3.27). Hence,
it is better to combine two source nodes at a time and send the encoded data in SM mode to
have a smaller end-to-end outage probability.

Fig. 3.7. shows the end-to-end outage probability versus received SNR per information bit
Yo = (475 + 27, ) /4 with v, /s optimized for each 7,. We can see that if 73 is above a threshold
SM provides a lower end-to-end outage probability while for 7, below the threshold, the outage
probability can be lowered by not using the relay. Fig. 3.8. compares adaptive network coding
in (3.32) to convectional network coding in (3.1), (3.2) for the same network in Fig. 3.7. The
end-to-end outage probability of adaptive network coding is lower than conventional case, but
the SNR advantage is not significant (i.e., less than 0.2 dB).

Fig. 3.9. shows that the end-to-end outage probability versus the rate R. We can see that
for R below a threshold SM provides a lower outage probability than TD while for R above
the threshold TD provides a lower outage probability than SM.

Fig. 3.10. shows the decoding error probability versus source transmit energy Fg/Ny at
several relay location. We see that once the relay is located near the destination node, SM
mode provides more reliability than TD mode. As the relay move closer to the source node,
the error probability of TD mode becomes smaller than that of SM mode. For target error
Pr = 10~%, TD mode obtain 3 dB SNR gain per each source node comparing to SM mode at
dgr = 0.5 and 5 dB SNR gain at dg. = 0.9. The x-axis in Fig. 3.10. represent the source to relay
channel quality. As Es/Ny decrease, the source to relay channel becomes more noisy, and vice
versa. We note that for noisy S — R channel (i.e., Es/Ny |), the optimal transmission mode is

SM mode, whereas for reliable S — R channel (i.e., E5/Ny 1), the optimal transmission mode
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is TD mode.

Fig. 3.11, shows the decoding error probability versus relay location dg,. for several source
transmit energy Fg/Ny. We observe the same trend as the previous figure that SM mode is
optimal for small dg. and TD mode becomes optimal for large dg.. The x-axis in Fig. 3.11.
represent the relay to destination channel quality. As dg,. increase, the path lose between relay
and destination increases and the channel becomes noisy. We note that for noisy R — D
channel (i.e., dg, 1), the optimal transmission mode is TD mode, whereas for reliable R — D

channel (i.e., dg, 1), the optimal transmission mode is SM mode.

3.6 Conclusion

We considered a multiple access relay network where once each source transmits a chan-
nel coded packet, the relay decodes the transmitted packet, generates network coded packet,
and re-transmits it. We assumed multiple antennas at the relay and considered two MIMO
transmission modes at the relay; spatial multiplexing (SM) and beamforming as transmit diver-
sity (TD). We applied different network coding schemes depending on the MIMO transmission
modes. We derived the outage probability with the maximum likelihood decoding at the desti-
nation, and investigated the effect of MIMO transmission modes at the relay, coding rate from
each source, relay locations, and different network coding schemes on the outage probability.
We proposed an optimal MIMO mode selection sheme which depends on channel coding from

the source, network coding at the relay, and MIMO transmission modes.
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Table 3.1 Adaptive parity generation rule

Error Pattern SM TD
e; = (e1,e2,€e3,€4) P1 P2 Do
eq: 0 0 0 O|lz1®x2|23@2s || 21 D22DPx3D T4
e: 0 0 0 1| x21®x2 T3 1 D x9 D T3
es: 0 0 1 O z1@x2 T4 1D Ty D Ty
e: 01 0 O T T3 D x4 1D T3 D Ty
es: 1 0 0 O T9 T3 D xg To B x3 DIy
egg: 0 0 1 1|xz1@x2| x21D22 T1 D x2
ez: 01 0 1 T T3 T1 P T3
eg: 1 0 0 1 ) X3 o @ x3
e: 0 1 1 0 T T4 1 DXy
ep: 1 0 1 0 T T4 To P x4
e;: 11 0 Of|x3®zg | 23D74 T3 P x4
e 1 1 1 0 T4 T4 T4
€13 - 1 1 0 1 T3 T3 3
ey 1 0 1 1 To T9 T2
€15 - 0 1 1 1 i) X1 T1
eg: 1 1 1 1 [7] [o] [7]
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Figure 3.1 Symmetric multiple access relay network.
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S1 transmit X1

S2 transmit X2

S3 transmit X3

S4 transmit X4

S1 transmit X1

S2 transmit X2

S3 transmit X3

S4 transmit X4
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R transmit [,,J
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Frame structure of non-cooperative network and cooperative relay network, K =
4.

www.manharaa.com



30

P(out)g,, ~ P(out) p fory, = (47, +27)/4 =20 (dB), d  =1,K=4

—R-

---R=3

10 107 1P0 10’ 10 10
YTYS

Figure 3.3 P(out)sy — P(out)p versus v, /7, for fixed received SNR v, = (475 + 27,)/4 = 20
(dB), dgy = 1, K = 4.
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TD Mode: ML Decoding - Analysis, GD = yr/ys, Py = p(ei =1)=0Case
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Figure 3.4 Decoding error probability of TD mode for several power ratio Gp = 7, /7s
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SM Mode: ML Decoding - Analysis, GD = yr/ys, Py = p(ei =1)=0Case
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Figure 3.5 Decoding error probability of SM mode for several power ratio Gp = v, /7s
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QOutage Probability for fixed 1= (4 1+2 7)/4(dB), R=1(bpsiz), K=4
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Figure 3.6 Outage probability versus 7,/ (v, + 7s) for fixed received SNR ~, = (47 + 27,) /4
(dB), R =1 (bps/Hz), dgy = 1, K = 4.
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Qutage Probability for fixed R = 4 (bps/Hz), dr = 0.5,K=4Case
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Figure 3.7 Outage probability versus received SNR 3, with ;. /7, optimized, R = 4 (bps/Hz),
dgr = 0.5, K = 4.
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QOutage Probability for fixed R = 4 (bps/Hz), 1, optimized, d =05, K=4
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Figure 3.8 Comparison of adaptive and conventional network coding with -, /s optimized,
R =4 (bps/Hz), dgr = 0.5, K = 4.
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Qutage Probability for fixed Eb =(4 Es +2E)/4=20(dB) yr/ys =1.d o= K=4
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Figure 3.9 Outage error probability versus transmission rate R for fixed received SNR
M = 20(dB)a dgr = 1, 77‘/’78 =1, K =4
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Figure 3.10 Decoding error probability versus source transmit energy Fs/Ny at several relay
location
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ML Decoding - Analysis, GD = Er/Es =107
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Figure 3.11 Decoding error probability versus relay location d, 4 for fixed source transmit

energy Es/Ny
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CHAPTER 4. ACHIEVABLE RATE AND RELIABILITY-RATE
TRADEOFF

In this chapter, we consider random linear coding in noisy multiple-access relay channel
where each relay is equipped with multiple antennas and sends the network coded information
to the destination using three MIMO transmission modes: spatial multiplexing (SM), transmit
diversity (TD), and Golden code (GC). SM mode allows to send more coded bits than TD
mode, thereby increasing the Hamming distance at the cost of sacrificing the diversity gain,
and vice versa. We derive the probability of decoding error with the maximum likelihood
decoding at the destination and determine the fundamental tradeoff among rate, reliability,
and MIMO mode. The tradeoff provides a complete view on the reliability-rate tradeoff for
each MIMO mode at any given SNR, and shows how the energy and node density can be traded

in achieving a given reliability-rate pair.

4.1 Introduction

We consider a multiple-access relay channel (MARC) where multiple sources communicate
with a single destination with the help of multiple relays. Examples of such scenarios include
next-generation cellular systems such as those envisaged in the 802.16m standard, hybrid wire-
less LAN/WAN networks, and sensor and ad hoc networks where cooperation between the
sources is either undesirable or not possible, but one can use relays to aid communication
between multiple sources and the destination.

In [86], Kim investigated the tradeoff between reliability and rate as a function of node
density and SNR, and showed how the energy and node density can be traded in achieving

a given reliability-rate pair in single antenna case. We extend the work of [86] to the case
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of multiple antennas at the relay and destination nodes. Each relay independently generates
parity bits using random linear coding rule and forwards to the destination after space-time
encoding. We consider spatial multiplexing (SM), transmit diversity (TD) using Alamouti
code, and Golden code (GC) [53] as space-time codes. SM mode allows to send more parity
bits than TD mode, thereby increasing the Hamming distance at the cost of sacrificing the
diversity gain, and vice versa. We derive the probability of decoding error with the maximum
likelihood decoding at the destination and investigate the effect of MIMO transmission mode
of relay nodes on the probability of decoding error at the destination. The inherent tradeoff
between the Hamming distance gain offered by SM mode and the diversity gain offered by TD
mode has been investigated in point-to-point communication systems [54], [55]. We investigate
the effect of MIMO transmission mode of relay nodes on the probability of decoding error at
the destination in multiple access relay network with random linear network coding.

The remainder part of this chapter is organized as follows. System model is described in
Section II. The union bound on the probability of decoding error is derived in Section III, and
the asymptotic analysis is performed in Section IV. Section V presents numerical results and

Section VI concludes the chapter.

4.2 System Model

We consider a multiple access relay network in which K sources send packets to a common
destination with the assistance of R relays, as illustrated in Fig. 4.1. We assume each node
has multiple antennas and denote the number of antennas to be ng,ng,np for source, relay
and the destination, respectively. For simplicity of the presentation, we consider the case of
(ng,ng) = (1,2) but the analysis in this paper can be extended to a general combination of
(ns,mpr). By this constraint, the channel model classifies into two classes. First, we have a
SIMO channel between source to relay and between source to destination. For SIMO channel,
the receiver use maximum ratio combining (MRC) as receive diversity. Second, we have MIMO
channel between relay to destination where the relay use the three transmission modes: Spatial
Multiplexing (SM), Alamouti Coding as Transmit diversity (TD) and Golden Code (GC) [53].

The communication-protocol consist of two-phase transmission. In the first phase, each K
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source transmits a packet u; over the orthogonal channel

u; = (w1, u2;, ,Un,z‘)T, um, € {0,1} (4.1)

and the subscript 7 denotes the i-th source. Due to the broadcast nature of the wireless medium,
each relay may also overhear the packets uy, us,--- ,ug. However, in practice, the relays may
be far away from the sources so that the channels between sources and relays are subject to
error. After decoding, each relay checks for errors using the cyclic redundancy check (CRC)
code. In general, the number of correctly decoded packets at a relay is a random variable.

In the second phase, each relay stores the correctly decoded packets in a two-dimensional
array. If we let S; denote the set of indices for correctly decoded packets at the j-th relay,
then the array size is n x |.Sj|, where |S;j| denotes the number of elements in the set S;. Then,
each relay generates L parity bits for each row of the array and sends them to the destination,
where L depends on the relay transmission mode. If the relay is equipped with two antennas,

the following space-time matrix may be considered:

Um,1 Um,3

Xy = SM Mode (4.2)
Um,2 Umd
Um,a1  —,
Xrp=| 2 TD Mode (4.3)
Um,2 U;z,l

1 a(Um1 +vm2l)  a(vm3 + vmal

5| @i(vms + vmab) @(vm1 + v 20)
where L = 4 for SM and GC modes and L = 2 for TD mode, § = 1—0 = (1 + /5)/2, o = 1+6i,
and @ = 1+ 0i. The destination, after collecting K message bits from K sources and RL(= P)

-parity bits from R relays, may construct a (K + P, K) code whose m-th codeword ¢, is given

by
Cm = (um,b Um,2, " s Um, Ky Um,1,Um,2," " avm,P) (45)
TV - ~ TV
Um Vm
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where the parity vector v,, is given by

Vm = (Um,la Um,2,° " 7vm,P)
(4.6)
= (Um,la Um,25 " s Um,L, ’Um,L—f—la 5 Um 20 Um 20+15 0 "¢ 7U7TL,RL)
1st Relay 2nd Relay

The k-th parity bit v, € {0,1}, 1 < k < P is generated by the following random linear
combining rule

Um,k = Z 9kiUm,i, Umk € {07 1} (47)
iESj

where the network encoding coefficients {g;;} are independently and randomly chosen from
{0,1} and the summation is mod-2 addition. The number of generated parity bit L is deter-
mined by the transmission mode at each relay. For MIMO channel with 2 transmit antennas,
the relay transmit 2 x 2 space-time (ST) matrix Xgp as follows and the number of generated
parity bits L are L = 4 for SM, GC mode and L = 2 for TD mode.

Then, the destination may construct n x (K + P) array by combining K column vectors from
source nodes and P parity vectors from the relay nodes, as illustrated in Fig. 4.1. Due to the
distributed nature of encoding at the relay nodes, the coding coefficients {gy, ;} are transmitted
to the destination as a packet hearer, so that it can decode the source packets.

We assume that the channel links are composed of large-scale path loss and small-scale

quasi-static frequency non-selective Rayleigh fading and the channel gain h;; is modeled by

where d;; denote the distance between node 7 and j , av is the path loss exponent and g;; captures
the channel fading characteristic due to the rich scattering environment. The Rayleigh fading
gij is modeled as a Gaussian random variable with mean zero and variance 0.5 per dimension.
The background noise W;; is modeled by a Gaussian random variable with mean zero and
variance Ny/2 per dimension. We assume that the bits of source and relay are transmitted
using BPSK modulation with symbol energies Fs and FE,, respectively. Hence, the transmit

energy Ej per information bit is given by (KEs + 4RE,)/K.
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4.3 Probability of Decoding Error

In this section, we derive the union bound on the probability of decoding error with the
maximum likelihood (ML) decoding at the destination, averaged over all possible encoding
rules at the relays and compare the error probability of three transmission modes.

Let ¢q = (U1, s Ua, KK, Va5 Va,p) a0d ¢y = (Up1,- "+ , Up K, Vb1, ,Upp) be two dis-
tinct row codewords of length K + P in Fig. 4.1, where uq; € {0,1} is the information bit
from the i-th source and v, ) € {0,1} is the k-th network coded parity bit from the relay. Let
ds; denote the distance between the i-th source and the destination, and d, ; be the distance
between the j-th relay and the destination. Then, the conditional pairwise error probabil-
ity with the maximum likelihood (ML) of each transmission mode for a given distance vector

d={ds1, - ,dsx,dp1, - ,drr} is given by !

1 1 "
Pr(c, — cp|d) < -
SM,GC 2 S| 1+d Sai — 20,4/ (4No)
- el
LA/ (AN) T+ d e/ (4N0)
=
0 1 "’ (4.9)
Pr(c, — cp|d < 3
( b| )TD 271_{ 1+d5l |xa1 mb,i|2/(4N0)]
2n
1 1 D
iy L+ 1Yan = al? + [Ya,2 — we2l?] /(4N0)

where x,; = (—1)%i\/Ey and y, ; = (—1)%s*\/E, are BPSK constellations corresponding to
the parity bits uq; and vk, respectively. A1, Ay are the eigenvalues of AXgrp - AX gD where
AXgp = Xrp,a — Xrpp and Xgp p is the space-time matrix for corresponding transmission
mode given by (4.2)-(4.4). The factor 1/2 follows from the exponential approximation to Q-
function ( Q(z) < e~*°/2 /2 for x > 0 ). Then, the union bound on the probability of decoding
error, conditioned on the distance vector d and the network encoding rule ¢, and cy, is given
by

Pg (ca,cp,d) < Y Pp(cq — cyld) (4.10)

CpFCq

!The first term on the right hand side of (4.9) is derived in [56] for np branch MRC and the second term on
the right hand side of (4.9) is derived in [57] for ng x np MIMO.
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Without loss of generality, assume u,; = 1 for all i. Suppose that the weight of (up 1, up 2, -, up k)
is W, i.e. wg(u, ® wp) = wy(ua1r ® up1,- - ,Ug,k D up ) = K —W. Then, the first term on

the right hand side of (4.9) is given by

K 1 np  K-W np
4.11
E 1+d, a‘xaz_xbl‘ /(4]\70)] 2131 1+ds€v),),$] ( )

where dj ;) is the distance between (i)-th source and the destination for which Ty (i) 7 Tp,(;) and
vs = Es/Np is the transmit signal-to-noise ratio for the source symbol. Similarly, the second

term on the right hand side of (4.9) for TD mode can be expressed as

R 2np R 2np
11 e =11 B— — ] (4.12)
iy L+ d 5 (0 e — yeal®)/ (4No) o1 L iz (vag @ vp)d, 5y
where 7, = E, /Ny is the transmit signal-to-noise ratio for the relay symbol.
Since, given W = w, there are (g) vectors (up 1, up 2, - - ,Up k) Whose weight is w, it follows

from (4.9)-(4.12) that the union bound in (4.10) is given by

e+ 50 ]
V,V, a . —a
E (Va, Vo, d) gpr o 5 w) U 1+dsf§)%

1

np
1+d- a)\l/(4No) 1+d~ a)\Q/(4N0)]
K—w 1 np
( >i1 1+ds,z’)%]

1 2np
1+ 37 (vag ®vp D,

IN

B
%
1

where the eigenvalues Aj, Ay are functions of (v,; ® vp;) as shown in Table 4.1.

—_

(4.13)

IN

Pg (Vaa Vp, d)TD

1
2

=0
R
R

In Lemma 1 of [86], it is shown that the probability mass function of (v,; ®vp;) is given by

1
PT‘(UG,Z D Upl = HW, S]) = PT(UQJ ©® Uyl = 0|VV, Sj) = 5 (4'14)

when u,; = 1 for all i. Although the uniformness of (v, @ vp;) is proved for the special case
when all one codeword is transmitted, we used Monte Carlo simulation to show that even if we
transmit a random codeword with arbitrary weight wg(u,), the decoding error probability is
still virtually identical. Fig. 4.7 shows the probability of decoding error Pg(d) versus Ej/Ny

for-codewords-with-different Hamming weight. The dotted line corresponds to the case when
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all one codeword wy(u,) = K is transmitted and the solid line with circle marker is the case
when uq; € {0,1} is randomly chosen between 0 and 1. We note that two curves has virtually
identical error probability.

Then, we average (4.14) over S; as follows.

K
1
Pr (val®vbl|W Z |S | PT‘ ’l)al@’vbl|WS) 2 (4.15)

Since the random linear network coding (4.7) is performed independently, the probability of

each network encoding rule are uniform as follows.

P (vy ®vp|W) = P (va,1 ®Vb1,Va2 D2, ,Va,p ®vpp|W)

= P (va,1 @ vp1|[W) P (va2 @ vp2|W)--- P (vep @ vpp|W) (4.16)

NOINE

Averaging the probability of decoding error in (4.13) over the network encoding rule v,, vy

using (4.16) yields

1K1 K—w 1 np
Pg(d) = —_—
s@sa = 53 () T [t

w=0 i=1 s,(1
) (4.17)
ﬁ 1 1 1 e
ey 24 var®obs L 1+ d a)\1/(4N0) 1+ d a)\g/(4N0)
=1, 4
K-1 K-wT np
1 K 1
Pe(d)rp < 5> ( ) 11 —a]
2 oo \W/ oy [ 1+d ORS
. i o, (4.18)
NES> ]
j=1 2% Va, 1DV 1 _1 + 212:1(%1,1 D ’Ub,l)d;,;'v%

1=1,2

For TD mode, there are 4 available combination of (ve1 ® v 1, Va2 ® vp,2); (00,01,10,11). By

applying each case into the second part on the right hand side of (4.17), we obtain

2 1
1+ +
(1+ dr_jé%")QnD (1+ 2d;f7r)2nD]

1 2np 1
1+ 377 (Vay © vo)dy Sy 2

1
= 2
Vq,1DVb,1
1=1,2

(4.19)
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for TD mode. For SM and GC mode, the eigenvalues of AXgp - AX};ID should be evaluated
for all possible combination of v,; @ vy, [ = 1,---,4. We derived the eigenvalues for each

transmission mode in Table 4.1 ? and substituted these values into the second part on the right

hand side of (4.17) to obtain

np
D 1 1
20 S T+ M /(ANg) 1+ d, 2 Ao/ (4N0)
l:17"'74
1 4 4 9
=01 |1+ —anp oo T o (4.20)
2 (1+d, Sy)me (142d, 5y (1+d, 5v,)20r

4 1
[(1 + (6 — 2V/B)d; %y, /4) (1 + (6 + 2VB)d, %y, /4)| Tas Ad, 2 ,)p

for SM mode. Then, the union bound of decoding error probability is given by

1 K-1 K K—w 1 np
Po(d)sy < & Z B ]
2 w=0 w =1 L+ ds (z)
o 2 (L+d, Sy (L42d 0y)m0 (14 d; 0,200
+ 1 1

np T —
[(1 +(6—2v5)d, 7y /4)(1+ (6 + 2\/5)d;§“%/4)] (1+4d, Sy, )mo

Pp(d)rp < ;Kl (K) Kl_[w

w .
=1

S Y [ T —
1+d (s L 22 (L+d §y)?me - (1+2d, 5,)%m

w=0

(4.21)

The corresponding union bound for GC mode can be obtained similarly.

4.4 Asymptotic analysis and reliability-rate tradeoff

In this section we provide asymptotic analysis and compare the tradeoff between communi-
cation reliability and achievable rate for each transmission mode. To simplify the formulation,
we assume that all source nodes are located at distance ds; = 1 from the destination and each
relay nodes utilize power control to compensate the path loss between j-th relay to destination

channel, such that the received SNR at the destination is d JQ‘%J = 7, for all j. We denote the

2Table 4.1 is evaluated in Appendix D.
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first part on the right hand side of (4.21) as gn,, (7s)

Inp(Vs) = {1 j%]mj (4.22)

and the second part on the right hand side of (4.21) as gsas(7r) for SM mode

4 4 2
QSM(’YT) = (1 +’)’r)nD + (1 +2’Yr)nD + (1 +,yr)2np
) X (4.23)
- [(1+ (6 — 2v5)7,/4) (1 + (6 + 2v/5)%/4)] " T 4%)”[)]

and grp(7,) for TD mode as follows.

2 1
grp(vr) = TR + (1+2%)2nn] (4.24)

gac(7r) for GC mode is provided in Appendix E. We note that (g, (7), 9sm(7), 9o (7), 97p(7))

are all decreasing functions of v and converge to zero as v — oo.

lim g,,(y) = lim gsa(y) = lim ggo(y) = lim grp(y) =0 (4.25)
y—+00 y—r00

Y—00 Y—00

Substituting (gn, (7), 9sm(7); gec(7), grp(7)) in (4.21) yields

Y (K)gfp_w(%) [% (1+ gac(%«))] ’ (4.26)

Pg(d)rp < % (K) gy " (7) |:i2 (1+ gTD('Yr))] R~

[\]

The decoding error probability (4.26) indicate the following two aspects. First, as vs, v —
00, the parity part of (4.26) converge to the constant term (1/2%)% and the average codeword

error probability achieve diversity order np for all three transmission modes as follows.

K-1 K—w n R
o1 K 1 D 1
re =3 > () I ] ()
w=0 i=1 (4.27)
. K 1 " = ~~MD
a7 Eured B

Second, the decoding error probability of each transmission mode has the following inequal-

Pg(d)ce < Pp(d)sm < Pe(d)rp (4.28)
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where GC mode delivers the lowest error probability and TD mode provides the highest error
probability. The decoding error probability of SM mode is slightly larger than that of GC
mode at low SNR, however, at high SNR, two transmission mode provides virtually identical
decoding error probability. The difference between error probability of SM and that of TD
mode at high SNR is

VR BT 1 1T 1
%}Vljgoo (Pg(d)rp — Pe(d)sm) = a,s,lylrlgoo B Z <w> lel [1 T %] |:22R - 2414

w=0
ol P . (4.29)
1 > K Il 1" 22
24 \w) [T 208 |7

The performance advantage of GC over SM mode results from the fact that space-time matrix
Xgrp for GC mode always guaranty rank 2 for any combination of v,; © vy, I = 1,--- .4,
whereas Xgp for SM mode has rank 2 for only a particular combination of v, ; @ v as shown

in Table 4.1. Thus, we have the following inequalities

gac(w) < gsm(vr) <= Pp(d)ge < Pe(d)su (4.30)

as illustrated in Fig. ?7. The error probability gap between GC and SM mode is

iy QN RN LN | 1
Jim (Pe(d)ce — Pe(d)sm) = Jim o wz—o <w> Zl_[l [HVJ [243 - 243] =0. (4.31)
where the performance disadvantage of TD comparing to that of SM and GC mode results
from the constant term 1/2% in (4.26). Even though TD provides higher diversity order than
SM mode, 1/2% is the dominating factor of the error probability, such that the transmission
mode with higher L always have a smaller decoding error probability. The constant term 1/2"
corresponds to the probability of choosing an encoding scheme which generates same parity
vector for two distinct codeword ¢, and c¢; which has the highest error probability. Since this
worst case event occurs with probability 1/2%, choosing a transmission mode with larger L is

more effective than choosing a mode with higher diversity order. Based on this observation,

we propose optimal mode selection scheme.

e Optimal Mode Selection
Optimal mode selection scheme for MIMO-MARC with random linear network coding is

to-cheose-a-transmission mode which generates more parity bits.
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From (4.26), we obtain

Pe(d)su < K_: ()0 [ 1+ osuan)] 2=

1 ) 1 "
- (14 gny (’Ys))K _ 1} . |:2_L (1+ gSM(%“)):| (4.32)
R
< % (1 + gnp (’73))K [HQZS—IM]
<o K Esm (K R)
where
L R/K
Bans(K. B) = log, [{2 / (11 j—r ggm((;yr)))} ] (4.33)
np\ /s L=4

is the error exponent or reliability function of SM mode. Similarly, we obtain the error exponent

of GC and TD mode as follows.

- 2"/ (1 + goc ()} 5
EGC(K> R) - 10g2 [ 1+ 9np (73) ] =
&Y (L arp ]| -
2 1+ grp(n
ETD(Ka R) = 10g2 [ 1+ gZ;D ('73) ] L=2

The error exponent indicate that the probability of decoding error decays exponentially with
the number of source nodes K and the decaying factor depends on the error exponent. As the
rate K /(K + R) increases (or R/ K decreases), the error exponent F (K, R) decays linearly with
R/K or inverse linearly with rate K /(K + R) The inverse proportion between error exponent
E(K,R) and the rate K/(K + R) is commonly known as the fundamental tradeoff between
communication reliability and information rate. We note that the mode with larger L has a
higher error exponent E (K, R) as illustrated in Fig. 4.8.

As K, R — oo while the rate K/(K + R) is held constant, the probability of decoding error

can be made arbitrarily small if F(K, R) > 0 or equivalently

K [ logo(1+ gnp(1s) 177

K+ R|gy, < _1 * log, (24/(1 + gSM(’Yr)))]
K 10%2(1 + Gnp ('YS)) -

K+Rlge | logy(24/(1+ ch(’Yr)))] 13
K [ logy(1+ gnp(1s) 17"

K+R|;p < _1+log2 (22/(1+9TD(%)))]

) is called the achievable rate in symbols per channel use.
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4.5 Numerical Results

In this section we provide numerical results. Fig. 4.2 compares the probability of decoding
error Pg(d) obtained from simulation and the union bound in (4.21). The SNR gap between
union bound (solid line) and simulation result (dotted line) is about 3 dB at Pg(d) = 1073
which is caused by Q-function approximation. This gap can be removed by using tighter bound

as follows.

W < ey >0 (4.36)

Both numerical and simulation shows that TD mode has the highest error probability, whereas
SM, GC has virtually identical decoding error probability for drp = 0.5.

Fig. 4.3 shows the probability of decoding error Pg(d) versus Ej/Ny for different number
of receive antennas np at the destination. We can see that the red curves with single antenna
has diversity order 1, whereas the blue curves with two antennas has diversity order 2 as we
analyzed in (4.27).

Fig. 4.4 shows the probability of decoding error Pg(d) versus relay location d, p when there
is a single relay. We find that the error probability of TD mode is larger than that of SM mode
and the gap (Pg(d)rp — Pg(d)sa) for high SNR is calculated in (4.29). The error probability
of GC mode is smaller than that of SM mode when the received SNR at the destination is small
(dy.p is large). However, as the received SNR increases (d, p decreases), the error probability
of GC and SM mode becomes virtually identical as we shown in (4.30), (4.31).

Fig. 4.5 shows the probability of decoding error Pg(d) versus E,/Ny for 4 different mode
selection scenarios when 10 source nodes are assisted by 9 relay nodes. We assume that all
relay node use GC mode for case 1, SM mode for case 2 and TD mode for case 3. For case
4, we assume 3 of the relays use SM mode, 3 of the relays use TD mode and the remaining 3
relays use GC mode. The figure shows that using GC mode exclusively provide dominant SNR
advantage. At target Pg(d) = 1078, the SNR loss between case 1 and case 2 is 0.3 dB, case 1
and case 4 is 1.2 dB, and case 1 and case 3 is 14.8 dB.

Fig. 4.6 shows the probability of decoding error Pg(d) versus Ej/Ny for different number

of relay nodes R. We can see that the error probability decreases by increasing R and the
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decreasing rate (Pg(d)|g_r, — Pr(d)|g_p,;1) of adding one additional relay is given by

I R 1
L+ d s 9LRy ~ 9L(Ro+1) (4.37)

K-1 K—w
. 1 K
= lim =3 <w> |
w=0 s,(1
np

i=1
K-1 K—
1 | |
_22< ) 131 1+d_(z>%] 2LR (1_2L>

and this rate diminishes by increasing the number of relays.

Fig. 4.8 shows the error exponent E(K, R) for each transmission mode versus rate K /(K +r).
We can see that error exponent of GC and SM is higher than that of TD mode. The achievable
rate K/(K + R) are 0.9789 for GC, 0.9780 for SM and 0.9609 for TD mode, which are evaluated
by using (4.35).

4.6 Conclusion

We considered randomized linear network coding over multiple antenna multiple access
relay channel where multiple sources communicate with a common destination with the help
of multiple relays. We assume internode channels are noisy and subject to channel errors. We
derived the average probability of decoding error with maximum likelihood decoding at the
destination, averaged over all possible encoding rules at the relays. We compared the decoding
error probability for each transmission mode to find the optimal mode selection scheme for
MARC with random linear network coding. We provided asymptotic analysis of the error
probability and examine the reliability-rate tradeoff for each transmission mode. The insight
provided by the analysis would be of great importance for understanding the fundamental

tradeoffs of random network coding in MIMO multiple-access relay networks.
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Table 4.1 Eigenvalues of AXgp - AX

p for SM and GC mode

Va,l D Up,l SM Mode GC Mode
l= (15 23 37 4) )‘1 )\2 )\1 )\2

0000 0 0 0 0
0001 AE, 0 43/1? _zfggE‘r
0010 4FE, 0 4?/]? _z%r
0100 4E, 0 4?/]? _%%;T
1000 4FE, 0 4?/? —%%Er
0011 8E, 0 4(1+;50)Er —4(1%9)&
0101 8FE, 0 4(\/5-\1-/_\5/3)Er 4(\/3?/?5)1;7
1001 AE, AE, 4(\/5'1'/_\5/3)Er 4(\/5?/_\5/5)&
0110 AE, AE, 4(\/54\‘/_\5/3)197« 4<\/5\_/_g§)ET
1010 8E, 0 4(\/54\‘/_\5/3)Er 4(\/5}?)&
1100 SE, 0 4(1+\550)Er —4(1\4;;@)&
1110 (6 +2V5)E, | (6 —2V5)E, (6+ /131_) B <6+ %> B
1101 (6+2V5)E, | (6 —2V5)E, (6 + 1;18) B <6 n %> B
1011 | (6+2VB)E, | (6-2VB)E, | (64 /1) B | (6+/1) B,
0111 (6 +2VB)E, | (6—2V5)E, (6+ 14518> o <6+ %> B
1111 16 E, 0 4(2\/5;3;_)\/5)& 4(2\/5:/3%\/5)&
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Figure 4.1 Symmetric Multiple Access Relay Channel
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Figure 4.2 Probability of decoding error Pg versus Ej/Ny, simulation versus union bound:
K=5R=1 a=4,v =, dr,D=0~57 np =2
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Figure 4.3 Probability of decoding error Pg versus Ep/Ny for different number of receive
antennas np at the destination: K =5, R=1, a =4, vs =, d,,p = 0.5
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Figure 4.4 Probability of decoding error Pg versus relay location d, p: K =5, R =1, a = 4,

Ys =Y =5dB, np =2
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Figure 4.5 Probability of decoding error Pg versus Ep/Ny for 4 different mode selection sce-
narios: K =10, R=9, a=4, v =7, np =2,d,p =1
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Figure 4.7 Probability of decoding error Pg versus Ey /Ny for codewords with different Ham-
ming weight: K =5, R=2, a =4, 7s=7,np=nr=1
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Figure 4.8 Error exponent E(K, R) versus rate K/(K + R): a =4, 7, =7 =5dB, np =2
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CHAPTER 5. INTERFERENCE CANCELLATION IN MULTI-USER
MIMO SYSTEMS

In this chapter, we analyze log-likelihood-ratio (LLR) ordered successive interference can-
cellation (SIC) scheme in multi-user, multi-mode, multi-input multi-output (MIMO) systems
where each user may choose between two operation modes: spatial multiplexing or beamform-
ing. The main idea is to detect and cancel the user signal in order of LLR which provides «a
posteriori information about the reliability of detection. The simulation results indicate that
LLR-ordered SIC provides 1 ~ 3dB gain over the conventional SNR-ordered SIC in multiuser
MIMO system and the gain increases with increasing number of users. The impact of the
knowledge of transmit mode at the receiver and the knowledge of the optimum transmit mode

at the transmitter is analyzed in different SIC schemes.

5.1 Introduction

Recently, there has been considerable research in exploiting the space dimension through
transmit diversity, space-time coding, and spatial multiplexing that employ multiple transmit
and/or receive antennas [58]. Spatial multiplexing enables a high data rate, whereas diversity
enables a high reliability. In multi-user environment, receiver antenna arrays have long been
recognized as an effective technique for mitigating co-channel interference (CCI) [59]. The value
of CCI mitigation is that it enables a better frequency reuse and hence improves the spectrum
efficiency. That is, different users may simultaneously transmit in the same frequency band.

One popular method to mitigate CCI is successive interference cancellation (SIC) which is
composed of three parts: nulling, cancelling, and ordering. The conventional SIC detects the

user signal that provides the maximum signal-to-noise ratio (SNR) and cancels the correspond-
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ing user from the received signal, updates the channel matrix, and repeats this process until
all user signals are detected [60]. In reference [61], a new ordering technique based on the log-
likelihood ratio (LLR) is proposed in single user case. The difference between LLR ordering and
SNR ordering is that the former uses a posteriori information about the reliability of detection,
thereby minimizes the effect of error propagation. Use of this additional a posterior: informa-
tion is known to provide a significant SNR gain over the conventional SNR based ordering. In
this paper, we extend the analysis to multi-mode, multi-user MIMO case, where each user may
choose to use either spatial multiplexing (SM) or beamforming (BF) for transmission. Mode
selection between SM and transmit diversity in point-to-point (single user) communication has
been discussed in [62]. We investigate the impact of the knowledge of transmit mode at the
receiver and the knowledge of transmit mode at the transmitter in different SIC schemes.
This chapter is organized as follows. Section II describes the system model. Section III
describes LLR-ordered SIC, SNR-ordered SIC, and computational complexity analysis. Sec-
tion IV presents an adaptive operation mode selection methodology. Section V presents the

simulation results, and Section VI contains concluding remarks.

5.2 System model

We consider a synchronous multi-access communication system in which K users send
independent messages to a common receiver (e.g. uplink cellular). The system block diagram
is shown in Figure 5.1. Each user, equipped with n; antennas, transmits simultaneously over
the same frequency band to a common receiver equipped with n, receive antennas. The channel
matrix for user k is denoted by Hj which is an n, X n; matrix with each element modeled by
a complex Gaussian random variable with mean zero and variance 0.5 per dimension, and the
overall channel matrix is denoted by H = [Hy, Ho,--- , Hg].

The received signal is then given by

K
Y:ZHka—FW (5.1)
k=1

where X}, is an n; X 1 matrix representing the transmitted signal of user k and W is a n, x 1

matrix-representing.the.complex Gaussian noise with each component having mean zero and
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variance Ny/2 per dimension.

We assume that the receiver knows the channel matrix H, but user k£ knows Hj only. We
assume that K /2 users (randomly selected) are in SM mode and the remaining K /2 users are
in BF mode for data transmission. In Section IV, we will consider the case where the receiver
informs each transmitter of appropriate mode of operation to further reduce the probability
of error. In SM mode different symbols are transmitted through different antenna, whereas in
BF mode the same symbol is transmitted through different antenna with different weightings.
We assume that users in SM mode use M-ary modulation and those in BF mode use M"™-ary
modulation to maintain the same transmission rate of n; x logy M bits per symbol time. We
assume that the mode of operation of each user is known at the receiver, which can be indicated
in the packet header.

Since K users transmit simultaneously, each user experiences nr — n; interfering signals,
where np = K x n;. We assume that there are n,(> np —n; + 1) receive antennas to suppress
nr — ng interfering signals. If we let A(k) = [Hy,Hs, -+ ,Hy 1, Hxy1, -, Hg] and N be
the null space of A(k), then dim(N) + rank[A(k)] = n, [63]. Since rank[A(k)] < np — ny,

we obtain dim(N) > n, — ny + n;. Hence, we can find a set of orthonormal matrix Vi =

[TT T

T .
Vi ,V3, 3 Up _poin,] for user k, where each component v; is an n, x 1 column vector, that

satisfies the following two properties:
Vi(Va)™" = I, —npim, (5.2)
ViH = Vi Hj. (5.3)
Multiplying V} to both sides of (5.1) yields
Zy = VY = Vi Hi X, + Vi, W (5.4)

where the equality follows from (5.3). Thus, all users in the set {1,2,--- ,k—1,k+1,--- K}
are suppressed and only the signal from user k remains. Since Vj is unitary and W is circular
symmetric, the distributions of W and Vi, W are the same, but their dimensions can be different.

Then, the maximum likelihood (ML) estimate of X}, for users in SM mode after user sepa-
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ration is given by
Xi = argmin||Zy — VeHis,, || (5.5)

where s,, is an n; X 1 matrix representing the transmitted vector. Beamforming exploits only the
dominant mode of the channel, so the transmitter performs the singular value decomposition
(Hy, = U; AUH) on the channel matrix which is assumed to be known at the transmitter for users
in BF mode. Let omax be the maximum of singular values A1, Ao, ..., A\, of Hy, where r is the
rank of Hy, and i* be the argument of max{\;}. Let u; ;+ and ug ;= be the i*th column of U; and
Us, respectively. Then the transmitted vector X, for users in BF mode is ug j+sp,, where s,, is
the transmitted symbol [64]. Multiplying u{{i*N, where N = Hy((Vi Hy)® (Vi Hy)) =Y (Vi Hy )
is the nulling vector, to (5.4) yields

Z, = ufl o N - Zj, = orpaxsm + W (5.6)

The noise term in (5.6) is a complex Gaussian with mean zero and variance Ny - [[ufl. N||2.

Hence, the ML estimate of X}, for users in BF mode is given by
X = argrglin\Z,; — OmaxSml|?- (5.7)
After detecting X, the estimate of Xp, X &, is canceled from Y to yield
YO =y — H Xy (5.8)
Then, we update the channel matrix H® = [Hi,Hy, -+ ,Hp_1,Hgy1,- -, Hx] and the corre-

sponding null space.

5.3 Successive Interference Cancellation Ordering

In this section, we describe SIC ordering methods, assuming that the receiver is informed
of the transmitter’s mode of operation.
5.3.1 LLR-based Ordering

The conditional error probability given Z; in SM mode (or Z]; in BF mode) is given by [61]

P(Xy, # Xi|Zp) =1 - (5.9)

1
Zm eiAk’m

www.manharaa.com




65

where

A = In p(Xk—Xk|Zk)

_ ||Zk - Vka§m||2 — |2y, — Vi Hy, X |?
No
is the pairwise LLR. Similarly, in BF mode
A _ |Z]/€ - Umax5m|2 - ’Z]:; - UmaxXk|2 (5 11)
k,m NON/ .
where N’ = Hu{{i*N || The LLR-based SIC ordering is to detect and cancel in order of

minimizing P(Xk # X|Zy) or equivalently minimizing e Mem_ This approach, utilizing
a posteriori information Zj in SM mode (or Z]; in BF mode), can reduce the effect of error

propagation.

5.3.2 SNR-based Ordering

The SNR-ordered SIC is to detect and cancel in order of minimizing P(X) # X}). It follows

from (5.4) that the average probability of error in SM mode is bounded by

A Ve Hy(z; — z;)]|
P(X), # Xi) < %j Q( NG ) (5.12)
< (- (i) (5.13)

where din(ViHy) = min [|Vy Hi(z; — z;)|[. Similarly, in BF mode, the average probability of

xz; ac]

error is bounded by (5.13) with dpyin (Vi Hy) replaced by duin (0max)/VN' = H;n |omax (2 — )|/ VN

T, Fx

Therefore, the SNR-ordered SIC is to detect and cancel users in order of maximizing din (Vi Hy,)

in SM mode or dpin(0max)/V N in BF mode.

5.3.3 Computational Complexity Analysis

The computational complexities of the LLR~ordered SIC, the SNR-ordered SIC, and the
maximum-likelihood (ML) detection are compared in Table 5.1. The main computation in
SIC is the determination of the null space Vj for all users. The computational complexity in

calculating Vj is O(n,n?K?). This follows from the fact that the computational complexity of
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Gram-Schmidt orthogonalization of m x n matrix is O(mn?) [65] and that the channel matrix H
is n, X Kny;. Since Vi, needs to be calculated for all K users and iterated K times for successive
cancellation, the overall complexity of the SNR-based SIC is on the order of O(n,n?K*). For
the LLR~ordered SIC, ordering needs to be recalculated for each symbol interval because a
posteriori information Zj, changes for each symbol interval. So, if the channel changes every
L symbol intervals, then the LLR-ordered SIC is about L times more complex than the SNR-
ordered SIC. For ML detection of ?)1(1% Y — fo:l Hj X;||?, the computational complexity in
calculating Zszl H;. X, is of order O(T:-TLtK ) and the number of comparisons involved in finding

the minimum is on the order of O(M™X), yielding the overall complexity of O(n,n, K M™XL).

5.4 Adaptive Transmit Mode Selection

In this section, we consider the case where the receiver determines an appropriate mode of
operation for each user based on the channel matrix H (obtained by using pilot symbols from
each user) and informs it to all users such that they can adapt their mode of operation. The
required amount of feedback information is 1 bit per user when each user is allowed to choose
either SM or BF mode at a time. We assume that this information is sent to each user without
€error.

The mode selection criterion is as follows. It is shown in (5.13) that the union bound
on P(Xj # Xj) is determined by a single parameter: dmin(ViHy) for the SM mode and
imin (Omax)/ VN for the BF mode. Hence, the receiver computes Apin (Vi Hy) and diin (0max)/ VN’
and chooses the SM mode if dyin (Vi Hg) > dmin(amax)/\/ﬁ, and, otherwise, chooses the BF
mode for user k.

If the channel changes every L symbol intervals, the mode selection will be updated once
every L symbol intervals. Computational complexity of dyin (Vi Hi) and dumin(0max)/ VN’ grows
linearly only with K. Hence, it can be ignored compared to the computational complexity of

SIC.
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5.5 Simulation Results

In this section, we present the numerical results obtained by performing Monte Carlo simu-
lation with MATLAB. Figure 5.3 shows the average bit error rate (BER) versus the bit SNR per
receive antenna for several number of users and receive antennas. FEach user has two transmit
antennas. The simulation result shows that the power gain that the LLR-ordered SIC provides
over the SNR-ordered SIC is more significant with larger number of users: the power gain is
1.18dB for two users, 2.40dB for four users and 2.92dB for six users.

Figure 5.4 is a plot of the average BER versus bit SNR per receive antenna when the number
of receive antenna is fixed. Each user has two transmit antennas and the receiver has eight
receive antennas. Similar observation can be made as in Fig. 5.3. The power gains are 0.44dB
with two users and 2.50dB with four users.

Figure 5.5 is a plot of the average BER versus bit SNR per receive antenna with several
detection methods. Each user has two transmit antennas and the receiver has eight receive
antennas. The simulation result shows that the SNR loss of LLR-ordered SIC against ML
detection is 4dB, and the SNR gain against the SNR-ordered SIC is 2.5dB at BER = 1073,
However, the computational complexity of the ML detection grows with K - M™ whereas
that of LLR-ordered SIC grows with K* only. Also, shown in the figure is the average BER
with SNR-ordered SIC without knowing the transmit mode of operation of each user (denoted
by Sub SNR-SIC), in which case the cancellation order is determined based on the SNR given
by ||Vi Hi Xk |?/E[||ViW||?], which follows from (5.4). We find that the knowledge of transmit
mode at the receiver, that requires 1 bit transmission from each transmitter to the receiver,
can significantly improve the performance.

Figure 5.7 is a plot of the average BER versus bit SNR per receive antenna for several
values of L with the SNR-SIC scheme, where L is the number of symbols for which the channel
state remains constant. We find that the SNR gain that the adaptive mode selection provides
over the random mode section grows with L: the SNR gains at BER of 1073 are 1.70dB and
4.22dB for L = 5 and L = 20, respectively. This is because the random mode selection requires

the user to remain in the selected mode for at least L symbol intervals even though it is not
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optimal. This makes a larger performance loss against the optimal mode selection with larger
L (slower fading channel).

Figure 5.6 is a plot of the average BER versus bit SNR per receive antenna with random
and adaptive mode selection. Each user has two transmit antennas and the receiver has eight
receive antennas. The simulation result shows that the adaptive selection provides a SNR gain
of 1.2dB against the random selection at BER = 1073 at the cost of sending 1 bit of feedback
information on the optimum mode of operation for each user by the receiver. The SNR gain
from the adaptive mode selection is even more significant in Sub SNR-SIC case where the
receiver does not utilize the transmit mode information in SIC ordering. It is interesting to
note that knowing the transmit mode at the receiver (SNR-SIC (random)) is more helpful in
reducing the BER than knowing the optimum transmit mode at the transmitter (Sub SNR-
SIC (adaptive)). The former requires each transmitter to send 1 bit of information (SM,BF)
to the receiver, while the latter requires the receiver to send 1 bit of information (SM,BF) to

each transmitter. In both cases the amount of information exchanges is identical.

5.6 Conclusion

In this chapter, we proposed a new detection ordering for successive interference cancellation
in a multi-user, multi-mode MIMO system, where each user may simultaneously transmit in
either spatial multiplexing or beamforming mode to a common receiver. The receiver decides
the order of detection based on the LLR, which provides a posteriori information on reliability
of detection. The proposed approach, exploiting this additional information, can provide a SNR
gain of 1 ~ 3dB over the conventional SNR~ordered successive interference cancellation and the
SNR gain is more significant with increasing number of users. We provided computational
complexity analysis of the considered detection methods. We also presented an adaptive mode
selection scheme which provides 1 ~ 2dB SNR gain against the random mode selection scheme.
The impact of the knowledge of transmit mode at the receiver and that of the knowledge of

the optimum transmit mode at the transmitter has been analyzed in different SIC schemes.
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Table 5.1 Comparison of Computational complexities

Computational complexity
LLR-ordered SIC | O (n.nfK*L)
SNR-ordered SIC | O (nyniK*)

ML detection O (nyn K LMK
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Figure 5.1 Multi-user, multi-mode MIMO System.
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LLR based SIC V.S. SNR based SIC for multiuser configuration
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Figure 5.3 Average BER versus bit SNR per receive antenna for different number of users,
M =2.
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LLR based GIS V.S. SNR based GIS for fixed number of antennas, 2 Tx/ 8 RX
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Figure 5.4 Average BER versus Bit SNR for fixed number of antennas, n; =2, n, =8, M = 2.
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LLR-based SIC (Random Mode Selection & Adaptive Mode Selection), K = 4
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Figure 5.6 Average BER versus received bit SNR for different mode selection methods, n; = 2,
n.=8 M=2 K=4,L=4.
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0 Random V.S. Adaptive Mode Selection (SNR-based SIC) for different L value
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Figure 5.7 Average BER versus received bit SNR for different L values, ny = 2, n, = 8,
M=2 K =4.
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CHAPTER 6. INTERFERENCE CANCELLATION USING SINGLE
RADIO FREQUENCY CHAIN

In this chapter, we present a new architecture for multi-antenna receivers that cancel the
co-channel interference (CCI) using a single radio frequency (RF) and baseband (BB) chain,
while still achieving nearly the same bit error rate that can be provided by the conventional
receiver requiring multiple RF /BB chains. The proposed receiver architecture enables multiple
transmitter-receiver pairs to simultaneously communicate in the same frequency band without
additional bandwidth, thereby increasing the spectral efficiency or capacity, with significantly

reduced receiver complexity and power consumption.

6.1 Introduction

The use of antenna arrays has long been recognized as an effective technique for mitigating
co-channel interference (CCI) [66]. The value of CCI mitigation in wireless networks is that it
enables to provide a better frequency reuse and hence improves spectrum efficiency. That is,
different signals can be simultaneously transmitted in the same frequency band.

If there are K users, each equipped with one antenna, transmitting simultaneously in the
same frequency band, the receiver needs at least K antennas to completely cancel K — 1
interferers and detect the desired signal [66]. This implies that for each CCI source, we need
one antenna at the receiver to cancel it. The use of multiple antennas at the receiver requires
a radio frequency (RF) chain (low noise amplifier, mixer, and A/D converter) and baseband
(BB) chain (matched filter and analog-to-digital converter) for each antenna element, limiting
its application to the case of small K and Ny due to a considerable power consumption and

chip size for each additional RF/BB chain.
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Antenna selection techniques can reduce the need for multiple RF/BB chains. In [67], a
soft antenna selection approach that uses a joint RF/BB design is introduced to reduce the
number of RF chains. [68] spreads each antenna signals using orthogonal codes and combines
them in the analog domain. The combined RF signal is fed to a shared RF/BB chain and
digital matched filters are used to recover each signal. However, the use of orthogonal codes
expands the bandwidth, which incurs additional power dissipation that grows almost linearly
to the bandwidth. [68] also explored the use of non-orthogonal codes to reduce the bandwidth
at the cost of performance loss. [69] halves the number of A/D converters in a dual-antenna
receiver using complex filtering, but the application is limited to two antennas and is inherently
incapable of sharing RF /BB chains.

In this chapter we present a new architecture for multi-antenna receivers that cancel the
CCI using a single RF /BB chain, while still achieving nearly the same bit error rate that can be
provided by the conventional receiver architecture that requires multiple RF /BB chains. The
basic idea is to perform the CCI cancellation in the RF domain and then down convert the
processed information to the baseband to detect the desired user’s data. The proposed receiver
architecture enables multiple transmitter-receiver pairs to simultaneously communicate in the
same frequency band without additional bandwidth, thereby increasing the spectral efficiency or
capacity, with significantly reduced receiver complexity and power consumption. The proposed
approach does not involve an antenna selection which loses information that comes through
non-selected antennas, thereby suffers from a certain performance loss. Instead, it utilizes all
available information that comes through all antennas and processes them at the RF level to
reduce the number of RF /BB chains to one.

In Section II, we describe the system model. In Sections III and IV, we describe the con-
ventional receiver architecture and the proposed receiver architecture, respectively. In Section

V we present simulation results. In Section VI, concluding remarks are provided.

6.2 System Model

We consider a network of K transmitter-receiver pairs communicating simultaneously in

the-same frequency-bandswhere each transmitter (Tx) is equipped with one antenna element
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and each receiver (Rx) with Np antenna elements (see Figure 6.1). Extension to Np anten-
nas per transmitter is straightforward. Example scenarios include wireless ad-hoc networks
or peer-to-peer communications in the same frequency band. The channel is assumed to be
frequency nonselective and slowly fading, and the fading processes, h; and hsy, are assumed
to be statistically independent. The signal is corrupted by zero-mean white Gaussian noise.
The noise processes are assumed to be statistically independent, with identical autocorrelation

functions. Thus, the received RF signal vector, y(¢) = [1(t), -, Ing (t)]T, is given by

K
3(t) = Re { (Z by (1) + n(t)) eﬂ“fcf} (6.1)
k=1

where hy = [hg1 -+, hg n,]T denotes the complex channel gain for the k-th transmitter, z(t)
denotes the low-pass equivalent signal of the k-th transmitter, n(t) = [ny(t), - ,nn,(#)]"
denotes the low-pass equivalent complex white Gaussian noise at the receiver, and f. denotes
the carrier frequency. We assume that hy; and hy,,,, are independent for I # m and E[|hy 2] =1

for all k,1. We assume that the noise n;(t), i = 1,2,--- , Ng has mean zero and variance Ny.

6.3 Conventional Receiver Architecture

The conventional receiver architecture for detecting the signal of the j-th transmitter is
shown in Figure 6.2. The received RF signals are down converted into baseband and then CCI
is cancelled in the baseband (BB). If K transmitters, each equipped with one antenna, transmit
simultaneously in the same frequency band, then the number of RF/BB chains at the receiver
needs to be at least K to completely cancel K — 1 interferers. For large K, the complexity of
the conventional receiver architecture can be prohibitive.

For simplicity of analysis, let us assume that K = 2, Np = 1, and Ng = 2. The analysis
can be easily extended to arbitrary values of K, N, and Ngr. The received RF signals can be

expressed in the form

gi1(t) = Re{g(t)e’>™/'} (6.2)

92(t) = Re{ga(t)e’>™/!} (6.3)
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where

U1 (t) = hnxl(t) + h21£C2(t) + nl(t) (64)

Y2 (t) = h12$1(t) + hooxo (t) —+ no (t) (6.5)
are the BB signal. The corresponding matched filter outputs are

y1 = husi+hase + (6.6)

Y2 = hiasi + haaso + g (6.7)

where s; and s are the transmitted data of Tx 1 and Tx 2, respectively, and 7; is the BB

chain output of n;(t), j =1, 2.

6.3.1 Zero-Forcing Detector

Let

hi1 hot
H= (6.8)
hi2  haoo

be the channel matrix. Then the zero-forcing (ZF) matrix

Wyzr = (HYH)"'HY

wir w21
= (6.9)
Wiz W22
makes WH = I [70]. Applying Wzp to the BB chain outputs
y = [yl
= H[Slsg]T + [’I_ll’r_lg]T (610)
yields
21 S1 ny
= +Wzr (6.11)
29 S9 )

which follows from the property WzrpH = I. The ZF detector completely eliminates CCI at

the expense of noise enhancement.
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6.3.2 MMSE Detector

The minimum mean square error (MMSE) detector [70], balancing CCI mitigation with

noise enhancement, calculates MMSE matrix

Wanse = (HTH +1Ig/y) " H?
why  we
_ 1 Wy (6.12)
Wiy Why
where v = E[|z1(¢)[?]/E[|n;(t)|?] is the signal-to-noise ratio per transmit antenna, and applies

Wirmse to y to yield

Z1 B
=WumsE Y
29

(6.13)

S1 ni
= WumseH +Wammske
S9 ng

6.4 Proposed Receiver Architecture

The block diagram of the proposed receiver architecture is shown in Figure 6.3, where the
RF weighting block for the k-th receive antenna for detecting the signal of the j-th user is
shown in Figure 6.4. Each weighting block needs two real multiplications and one fized delay
unit. The proposed architecture requires only one RF /BB chain, thereby significantly reducing
the hardware complexity, power consumption, and size. In what follows we show that the BB
chain output z; in Fig. 6.3 is nearly identical to that of the conventional receiver shown in Fig.
6.2, hence providing nearly an identical performance.

Without loss of generality, consider the ZF receiver that detects the data of Tx1. The RF

weighting block 11 (first block) in Fig. 6.3, which is shown in more detail in Fig. 6.4, produces

y11(t) = wirrii(t) +wir i (t —7)

= Re{[wi,rl1(t) + w191 (t — 7)e 72eT] - I2TIet) (6.14)
where w1 g = Re{w11} and wiy ; = Im{w1}. If the time delay 7 is chosen to be

T=3/(4fc) (6.15)
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then we obtain e 727/e7 = j and

zi(t —71) =~ x;(t) (6.16)

ni(t—7) ~ ni(t), i=1,2 (6.17)

for large enough f.. The accuracy of the approximation in (6.16) for the rectangular pulse
shaping and the raised-cosine pulse shaping and that in (6.17) for a low-pass, wide sense
stationary noise with a flat power spectral density are provided in Appendix F. Substituting

(6.17) in (6.14) yields

yll(t) ~ Re{wllgl (t)€j27rf°t}. (618)
Similarly,
y21(t) ~ Re{waa(t)e’* '}, (6.19)
Adding y11(t) and yo1(¢) yields
yi(t) = yu(t) +ya(t) (6.20)

1

Re{[(wi1h11 + warhi2) z1(t)

/

-~
=1

+ (w11h21 + U)21h22) x2(t)

. /
N
=0

+w11n1(t) + wglng(t)]ejzﬂfd}
= Re{[z1(t) + wiini(t) + warng(t)]e/F et} (6.21)
where the last equality follows from the property WH = I. After passing y;(¢) through the

RF/BB chain, we obtain

21 ™~ 81+ wiiny + warne. (6.22)

Similarly, adding y12(t) and y22(t) and passing the sum y12(t) + y22(t) through the RF/BB
chain yields

29 ~ 89 + wioN1 + WooNa. (623)

Comparison of (6.11),(6.22), and (6.23) indicates that the proposed receiver that uses a single

RF/BB chain produces nearly the same output as the conventional receiver (Fig. 6.2) that
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The accuracy of the approximations in (6.22) and (6.23) is discussed in Appendix G. It
is also shown in Appendix G that the ratio between the signal-to-interference-plus-noise ratio
(SINR) of the conventional receiver and that of the proposed receiver for the rectangular pulse
shaping is given by

SINR. 4|ty 1

=14+ -t 4= 2 24
svr, Lty T (6:24)

where v = E[|z1(t)|?]/E[|n;(t)|?] is the signal-to-noise ratio per receive antenna and T is the
symbol duration. In (6.24), the second term on the right hand side is due to the inaccuracy of
(6.16) and the third term is due to the inaccuracy of (6.17). For practical values of f. and T,
the ratio is very close to 1. For example, when f, is 1GHz and the symbol duration 7" is 1076
second, corresponding to the symbol rate of 1M symbols per second, %(777'1/[/)2 = 1.85x10
and |7|/T = 7.5x10~%, which are both negligibly small compared to 1. It is shown in Appendix
A that the accuracy of the approximation in (6.16) is even higher for the raised-cosine pulse
shaping. The enhanced accuracy of the approximation makes the ratio in (6.24) even closer to

one.

6.5 Channel Estimation Issue

Both receiver architectures require knowledge of the channel gains, {h;;}. For the proposed
receiver architecture, they can be obtained by multiplexing the antenna elements to the RF
chain during the training period. That is, the RF chain is connected to the first antenna element
during the first part of the training sequence, then to the second antenna element during the
next part, and so on. Thus, we need a few more training symbols and extra training time,
not more RF chains. Especially in high data rate applications, those additional training bits
decrease the spectral efficiency in a negligible way.

Following the channel estimation model for MIMO systems in [71; 72], the noisy channel

estimate with the maximum likelihood (ML) channel estimation can be modeled as [73]
H=H +eQ, (6.25)

where H is the estimated channel matrix, H is the true channel matrix, and ef) is the estimation

error-that-is-uncorrelated-with H. The entries of €2 are i.i.d zero-mean complex Gaussian with
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unit variance [71; 72] and e is the measure of channel estimation accuracy. As e gets smaller,
the estimation is more accurate and vice versa. The correlation coefficient between H and H

is given by [73].

e[hz‘jilfj]
Pij = -
Vellhig 21 - ellhs 2 (6.26)
1

e
where h;; and ﬂij represent the (i,j) component of H and H , respectively. The normalized
mean square error (NMSE) of the channel estimation is given by [73]

Ef|hij — hij|’]

NMSE =
EHhijm (6.27)

6.6 Simulation Results

In this section we present simulation results for the case of rectangular pulse shaping. Fig.
6.5 compares the bit error rate (BER) of the conventional receiver with that of the proposed
receiver for the case of K = 2, Ng = 2, Ny = 1, and BPSK modulation. We find that both
receivers provide nearly identical BER for T' > 1076, i.e. for bit rate less than 1Mbps and that
for T'= 107 both receivers provide exactly identical BER. For the raised-cosine pulse shaping,
the analysis in Appendix A shows that the BER of the proposed receiver is even closer to that
of the conventional receiver.

Fig. 6.6 shows that the difference in BER between the proposed receiver and the conven-
tional receiver is even smaller when the number of transmitter-receiver pairs, hence the number
of receive antennas, is larger (K = 4, Ngp = 4, Ny = 1). We find that both receivers provide
nearly identical BER for 7' > 1077, i.e. for bit rate less than 10Mbps. Figs. 6.5 and 6.6 show
that the proposed receiver architecture provides nearly the same BER that can be provided by
the conventional receiver that requires multiple RF /BB chains.

Fig. 6.7 shows the BER when the number of RF chains is smaller than that of users K and
the MMSE nulling matrix in (6.12) is applied. For the conventional receiver with Np = 4, the

SNR-based-antennasselection technique [74; 75] is applied in choosing 2 antenna elements out
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of 4 antenna elements and passing the RF signals to 2 RF chains. Also, shown in the figure
is the BER for the conventional receiver with Np = 2. We can see a significant performance
degradation for the conventional receiver architecture when the number of RF chains is smaller
than that of users, even though it requires one more RF chain than the proposed receiver
architecture.

Fig. 6.8 shows the effect of the channel estimation error on the average BER for different
value of normalized root mean square error e. For both conventional and proposed receiver
architecture, the BER performance is sensitive to the channel estimation error and degrades

significantly as e increases.

6.7 Conclusion

We proposed a new receiver architecture that enables to detect the desired signal in the
presence of co-channel interference with a single RF /BB chain, while still providing nearly the
same bit error rate that can be provided by the conventional receiver that requires multiple
RF /BB chains. Reduction of the number of RF/BB chains leads to a reduction of hardware
complexity and power consumption at the receiver. The proposed receiver architecture en-
ables multiple transmitter-receiver pairs to simultaneously communicate in the same frequency
band without additional bandwidth, thereby increasing the spectral efficiency or capacity, with

significantly reduced receiver complexity and power consumption.
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Figure 6.1 System model for K = 2.
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Figure 6.3 Proposed receiver architecture for detecting the signal of the j-th user.
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Figure 6.5 Bit error rate of the conventional receiver and the proposed receiver for different
values of T', rectangular pulse shaping, f.=1GHz, K = Np =2, Np = 1.
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Figure 6.6 Bit error rate of the conventional receiver and the proposed receiver for different
values of T, rectangular pulse shaping, f.=1GHz, K = Np =4, Np = 1.
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Figure 6.7 Bit error rate of the conventional receiver and the proposed receiver for different
values of Np and RF Chains, rectangular pulse shaping, , f.=1GHz, K = 4,
Nr=1,T=10"".
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Figure 6.8 Bit error rate of the conventional receiver and the proposed receiver for different
values of e, rectangular pulse shaping, f,=1GHz, K = Np =4, Np =1, T =10"".
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CHAPTER 7. CONCLUSION

In chapter 3, we considered a multiple access relay network where each source transmits
a channel coded packet, the relay decodes the transmitted packet, generates network coded
packet, and re-transmits it. We assumed multiple antennas at the relay and considered two
MIMO transmission modes at the relay; spatial multiplexing (SM) and beamforming as trans-
mit diversity (TD). We applied different network coding schemes depending on the MIMO
transmission modes. We derived the outage probability with the maximum likelihood decoding
at the destination, and investigated the effect of MIMO transmission modes at the relay, cod-
ing rate from each source, relay locations, and different network coding schemes on the outage
probability. We proposed an optimal MIMO mode selection sheme which depends on channel
coding from the source, network coding at the relay, and MIMO transmission modes.

This thesis also investigates the fundamental tradeoff between achievable rate and relia-
bility of multiple access relay network with multiple antennas. We considered three MIMO
transmission modes, spatial multiplexing (SM), Alamouti coding as transmit diversity (TD),
and Golden Coding, and random linear network coding at the relay. We derived the union
bound on the average decoding error probability with maximum likelihood decoding at the
destination. We found that TD mode provides the highest error probability, and SM and GC
modes provide virtually identical probability of decoding error.

Chapter 5 proposed a new detection ordering for successive interference cancellation in a
multi-user, multi-mode MIMO system, where each user may simultaneously transmit in either
spatial multiplexing or beamforming mode to a common receiver. The receiver decides the
order of detection based on the LLR, which provides a posteriori information on reliability of
detection. The proposed approach, exploiting this additional information, can provide a SNR

gain of 1 ~ 3dB over the conventional SNR-ordered successive interference cancellation and
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the SNR gain is more significant with increasing number of users. We provided computational
complexity analysis of the considered detection methods. We also presented an adaptive mode
selection scheme which provides 1 ~ 2dB SNR gain against the random mode selection scheme.
The impact of the knowledge of transmit mode at the receiver and that of the knowledge of
the optimum transmit mode at the transmitter has been analyzed in different SIC schemes.
Chapter 6 proposed a new receiver architecture that enables to detect the desired signal in
the presence of co-channel interference with a single RF /BB chain, while still providing nearly
the same bit error rate that can be provided by the conventional receiver that requires multiple
RF /BB chains. Reduction of the number of RF/BB chains leads to a reduction of hardware
complexity and power consumption at the receiver. The proposed receiver architecture en-
ables multiple transmitter-receiver pairs to simultaneously communicate in the same frequency
band without additional bandwidth, thereby increasing the spectral efficiency or capacity, with

significantly reduced receiver complexity and power consumption.
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APPENDIX A. LINK OUTAGE PROBABILITY OF SM MODE

In this appendix, we prove (3.10) the outage probability between R — D link when SM
mode is used. In SM mode, independent symbols are transmitted through different antennas
and the received signal at the destination is given by (3.6). Since each antenna transmit equal
amount of information bit for a given time, the data rate R; between i-th antenna and the
destination is identical for all antennas (R; = Ry = R).

First, we find the capacity region for each outage events. We define three error events Ej;,
E;1, E;j where

Ey 3 = {p1 is correctly decoded, ps is in outage}
Ei5 = {p1 is in outage, po is correctly decoded} (A.1)
Ei3 = {p1 and ps are both in outage} .

Then the event p; that p; is in outage is given by
p1=FEioUEq3 (A.2)

and the event py - p2 that both p; and ps are in outage is given by

Using the steps in [95], the error events Ey;, E;1, E;; can be upper bounded as follow

P(Ej,) < gnRig—n( 1(p1:yr|p2)—3e¢ )
P(E, 5) < 2f2g=n(1p2:urlp1)=3¢ ) (A.4)

P(Ei i) S 2TL(R1+R2)2*7L( I(pl»p2:yr)74€ )

Hence, p1 occurs if and only if Ry > I(p; : yr|p2) or (R1 + R2) > I(p1,p2 : yr) and P71 - P2 occurs
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Second, the outage probability for p; and p1 - p2 can be derived as follows

P(p1) = P(R > L(p1 : yar|p2) or 2R > 1(p1,p2 : Yar))
= P (logy (1 4+ r,) < Ror logy (1 + v, + ¥ry) < 2R) (A.5)
=P (v, < 28 — 1 or (7 + Yry) < 228 — 1)

where 7, = |gi|*E,/Ng and Ry = Ry = R is applied into the first equality. For Rayleigh fading,

vr; becomes exponential random variable with the following probability distribution

1 -
f(’yri) = —€eXp (_'7 Z) s ri >0 (A6)
r Vr

where v, = E[|gi|*E»/No| = d. ' E,/No. Hence,

2B-1  poo
P(p_l) = /(; /ZR . f(Vrz)f('Yr1)d7T2d7T1
1=y

22R_1  p22R 1,
+ /0 /0 F o) f (v vy Ay (A7)

22R _ ot 22F —1
Yr Yr

. l912Er |92’ Er
P . =Pl 1 2
(p1 - P2) (0g2( + N + Ny < 2R

Similarly,

=P (('71"1 +9ry) < 277 — 1)

22R_ 22R_1_'Y7'1
= /0 /0 f(%"z)f(’}/rl)d’ymdyrl

22R_1 22R_1
=1- <1+ )exp (— )
Tr Tr

(A.8)

This completes the proof.
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APPENDIX B. GENERALIZATION TO K SOURCES

In this appendix, we prove the first equality in (3.19) using mathematical induction. For

K =2, the last term in (3.19) is

P (Z2Upy) = P (T2) + P (py) — P (72) P (Do)
= Psd + PTD — PsdPTD (B.1)
=1—(1—=prp)(1 — psda)
where we denote py = {I(po : yar) < Re}. Assume that the following statement holds for
K =n.

P@3uUpy) =1—(1—prp)(l—psa)"" (B.2)
Then for K =n+1,
P (@ Upy) = P (T UTn1 UBy)

=P (@5 Upy) + P (Tns1) (1 — P(TLUD))
(B.3)

=1—1—prp)(l —psad)” " + psa(l — prp) (1 — psa)"

=1-1—prp)(1 —psa)”

Thereby the statement (B.2) holds.
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APPENDIX C. ERROR PROBABILITY FOR ERROR PATTERN e¢;

In this appendix, we present the codebook and derive the union bound of the decoding

error probability for each error pattern e;, i =1,--- , 16.

Table C.1 Codebook for Error Pattern e; = (e1, e2,e3,e4) = (0,0,0,0)

SM TD
T1,T2 | 23,24 || p1 =21 DT | P2=23D %4 || po=21 DT2DT3D 2Ty
0 00 O 0 0 0
0 0|0 1 0 1 1
0 01 O 0 1 1
0 170 O 1 0 1
1 0|0 O 1 0 1
0 o1 1 0 0 0
0 1|0 1 1 1 0
1 010 1 1 1 0
0O 11 O 1 1 0
1 01 O 1 1 0
1 1]0 O 0 0 0
1 11 0 0 1 1
1 170 1 0 1 1
1 01 1 1 0 1
0 1|1 1 1 0 1
1 171 1 0 0 0

The decoding error probability for error pattern e; = (0,0,0,0) is upper bounded by

1 1 1 \? 1 \? 1

reien™ <1(55) (7)) 2 () +(55) (53)

1‘1”}/5 1+’Yr 1+'Ys 1+’73 1+2’77“

3
4 2
() (17) * () ot e
T+ T+ L+ VsVr Vs (C 1)
2 2 :

P TD
=(er) <1+%) (1+%) o <1+%)

3 2 4 4 2 6
+ ~ +
(1‘1"77") <1+’73) VsV 75
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Table C.2 Codebook for Error Pattern ex = (e, e2,e3,e4) = (0,0,0,1)

SM TD
T1,%2 | 3,24 || P1 =21 D T2 | p2 =23 || po =21 D 2D T3
0O 00 O 0 0 0
0 0|0 1 0 0 0
0O o001 O 0 1 1
0 1]/0 O 1 0 1
1 0|0 O 1 0 1
0 0|1 1 0 1 1
0 1]0 1 1 0 1
1 00 1 1 0 1
0O 11 0 1 1 0
1 01 O 1 1 0
1 1]0 O 0 0 0
1 111 O 0 1 1
1 10 1 0 0 0
1 01 1 1 1 0
0o 111 1 1 1 0
1 171 1 0 1 1

The decoding error probability for error pattern e; = (0,0,0, 1) is upper bounded by

1 1 1 1 \?/ 1
Pilea)™ < (1+')’S) +3(1+’YS) (1+’Yr> +3(1+’Ys> (1+’Yr>
(i) () (5) + () ()
1+ s 1+ 2, 1+ 1+, 14+
() 2 (5) () () ()
1+, 1+ s 1+ 2, 1+ 14+

1
~ — as s, Yr —> 00 (C.2)

s

. 1 1 2 1 2 1 2
P TD< 3 3
(e2) _(1+’Ys)+ (1+’Ys) (1+77"> i (1—1—"}/3) (1+7T)
1 2 1 3 1 2 1 3
+3 - +3
(1+73> (1+%) (1+%) (1+73>
() ()~
1+’Ys 1+7”' Vs

where the error event ey occurs with the following probability

3
P(ez) = P(el = 0)P(62 = O)P(63 = 0)P(64 = 1) = Pe,rd H(l — pe,rz’) (03)
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Table C.3 Codebook for Error Pattern es = (e, e2,e3,e4) = (0,0,1,0)

SM TD
T1,%2 | 3,24 || P1 =21 DT | p2 =24 || Po =21 D T2 D24
0 0|0 O 0 0 0
0 0|0 1 0 1 1
0 o1 O 0 0 0
0 10 O 1 0 1
1 0[]0 O 1 0 1
0 0|1 1 0 1 1
0 1]0 1 1 1 0
1 00 1 1 1 0
0O 11 0 1 0 1
1 0|1 O 1 0 1
1 170 0 0 0 0
1 111 O 0 0 0
1 170 1 0 1 1
1 01 1 1 1 0
0O 1)1 1 1 1 0
1 171 1 0 1 1

The decoding error probability for error pattern es = (0,0, 1,0) is upper bounded by

1 1 1 LY
=(e3) _(1+%)+3(1+%) <1+%>+3(1+%> (1+7’“>
Lo L V(1 )+( 1 )2+( 1 )3( 1)
Ty \1+2y)  \1+7 L7/ AL+
(N (Y Yy 1)
1+,YS ]_-|—"}/S 1+2’7r 1+’YS 1+7’r

1
~ a8 Vs, Yr > 0 (C.4)

S

1 1 1 \? 1 \? 1 \?
P, D «
(e3) _(1+vs)+3(1+%> <1+%> +3<1+%) (1+%~)
1 \? 1 \? 1 \?2 1 \?
3 3
- (1+%> +<1+%) (1+%~) - (1+%>
() (5) -2
1+’73 1+'77' Vs

where the error event ez occurs with probability

P(e3) = P(61 = O)P(eg = O)P(eg = 1)P(64 = 0)

=(1- pe,rl)(l - pe,ﬂ)pe,r?’(l - pe,r4)
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Table C.4 Codebook for Error Pattern e, = (e, e2,e3,e4) = (0,1,0,0)

SM TD
T1,T2 | 3,24 || P1 =21 | P2 =23DTg || po =21 D T3 D2y
0O 00 O 0 0 0
0 0|0 1 0 1 1
0O o001 O 0 1 1
0 1]/0 O 0 0 0
1 0|0 O 1 0 1
0 0|1 1 0 0 0
0 1]0 1 0 1 1
1 00 1 1 1 0
0O 11 0 0 1 1
1 01 O 1 1 0
1 110 0 1 0 1
1 111 O 1 1 0
1 10 1 1 1 0
1 01 1 1 0 1
0O 11 1 0 0 0
1 171 1 1 0 1

The decoding error probability for error pattern e4 = (0,1,0,0) is upper bounded by

1 1 1 1 \°/ 1
Pﬂ%ﬁMS(1+%)+3(1+%)(1+%>+3(1+%> (L+%>
() () () (o) ()
14 s 14 2, 14 s 14 s 1+,
(=) () () () ()
14 s 14 s 14 2, 14 s 1+,

1
~ — as s, Y = 00 (C.6)

s

. 1 1 2 1 2 1 2
P TD< 3 3
(e4) _(1+’Ys)+ (1+’Ys) (1+77"> i (1—1—"}/3) (1+7T)
1 2 1 3 1 2 1 3
+3 - +3
(1+73> (1+%) (1+%) (1+73>
() () 4
1+’Ys 1+7”' Vs

where the error event e4 occurs with the following probability

(C.7)
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Table C.5 Codebook for Error Pattern es = (e, e2,e3,e4) = (1,0,0,0)

SM TD
T1,T2 | 3,24 || P1=T2 | p2=23D T4 || po =T2D 23D T4
0O 0j0 O 0 0 0
0 0|0 1 0 1 1
0O 0|1 O 0 1 1
0 1]0 O 1 0 1
1 00 O 0 0 0
0 0|1 1 0 0 0
0 1]0 1 1 1 0
1 0|0 1 0 1 1
0O 11 0 1 1 0
1 0|1 O 0 1 1
1 110 0 1 0 1
1 1|1 0 1 1 0
1 110 1 1 1 0
1 01 1 0 0 0
0O 11 1 1 0 1
1 171 1 1 0 1

The decoding error probability for error pattern e; = (1,0,0,0) is upper bounded by

1 1 1 1 \? 1
rete™ < () +3 (1) () 2 () (65)
E( 5) B (l‘i"}/s) 1+'Ys 1+'Yr 1+78 1+’Y'r
(i) () () () ()
1+7s 1+ 27, 1+ s 1+ s 1+,
N 1 3+2 1\ 1 N 1 \* 1
14 s 14 s 1+ 27, 14 s 14,

1
~ — as Vs, Yr — 0 (CS)

S

1 1 1\’ LN
P TD<
nles) _(1+%)+3(1+%) <1+%> +3<1+%) (1+7’")
1 2 1 3 1 2 1 3
5 3
+ (1+7S> +(1+%) (H%) i (1+%>
() (=)~
1+’73 1+7”' ’73

where the error event e5 occurs with the following probability

P(e5) = P(61 = 1)P(62 = O)P(eg = 0)P(64 = 0)
4 (C.9)
= Pe,rl H(l - pe,ri)
1=2
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Table C.6 Codebook for Error Pattern es = (e, e2,e3,e4) = (0,0,1,1)

SM TD
T1,%T2 | 3,24 || P1 =21 D T2 | p2=21D T2 || po =21 D T2
0 0|0 O 0 0 0
0 0|0 1 0 0 0
0O o1 O 0 0 0
0 110 O 1 1 1
1 0[]0 O 1 1 1
0 0|1 1 0 0 0
0 1]0 1 1 1 1
1 00 1 1 1 1
0O 171 0 1 1 1
1 0|1 O 1 1 1
1 1]0 O 0 0 0
1 111 O 0 0 0
1 170 1 0 0 0
1 01 1 1 1 1
0O 1)1 1 1 1 1
1 171 1 0 0 0

The decoding error probability for error pattern eg = (0,0, 1, 1) is upper bounded by

1 1 1 1 \?2
Pp(eg)™ < 2 +2 +2
pleg)” = (1+'vs) 147, ) \1+2y 1+ s
1 \? 1 1 \? 1 \° 1
+4 +2 +2
(H%) (1+2%> (1+73> (H%) (1+2%)

o )4 2 5
~ a8 Vs, Ir o0
1
+7s Vs (C.10)

Pg(eg)™ <2 L) o ! 2+2 Ly’
B%6 - 14 s 14 s 14, 147,
1 \? 1 \?2 1?3 1 \? 1 \?
+4 ( +2( +2 ) ( )
1+ s 14+, 14, 14, 1+,

(5) -2
+ ~ —
T+ Vs

where the error event eg occurs with the following probability

(C.11)
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Table C.7 Codebook for Error Pattern e; = (e, e2,e3,e4) = (0,1,0,1)

SM TD
T1,%2 | 3,24 || P1 =21 | P2 =23 || Po =21 D T3
0O 010 O 0 0 0
0 0|0 1 0 0 0
0O o001 O 0 1 1
0 1]0 O 0 0 0
1 00 O 1 0 1
0 0|1 1 0 1 1
0 1]0 1 0 0 0
1 0|0 1 1 0 1
0O 111 0 0 1 1
1 01 O 1 1 0
1 110 0 1 0 1
1 111 0 1 1 0
1 10 1 1 0 1
1 0|1 1 1 1 0
0O 11 1 0 1 1
1 1)1 1 1 1 0

The decoding error probability for error pattern e; = (0, 1,0, 1) is upper bounded by

1 1 1 1 \?
Po(en)™ <2 (H%) . (H%) (1+%~) " (H%)
() (5) 65 () 2 () (45)
1+7) 1+, 1+1) \1+27, 117) \1+7,
() () () ()
117) \1127, 1+7) \1+27,

2
~ — as Vs, Yr —» OO
s

1 1 1 \? 1 \?2
P ™ <9 +2 +2
w(er) " < <1+'ys) 1+7 ) \ 147 1+,
1 \? 1 \? 1 \?
+4 +2
(1"‘73) <1+’7r) (1+’)’s>
1+, 1+ T+ Vs

where the error event e; occurs with the following probability

(C.12)

P(e7) = P(el = O)P(eg = 1)P(63 = O)P(64 = 1)
(C.13)

= (1 - pe,rl)pe,r2(1 - pe,r3)pe,r4
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Table C.8 Codebook for Error Pattern es = (e, e2,e3,e4) = (1,0,0,1)

SM TD
T1,%2 | 3,24 || P1=T2 | P2 =23 || Po = T2 D T3
0O 010 O 0 0 0
0 0|0 1 0 0 0
0O o001 O 0 1 1
0 1]0 O 1 0 1
1 00 O 0 0 0
0 0|1 1 0 1 1
0 10 1 1 0 1
1 0|0 1 0 0 0
0O 111 0 1 1 0
1 01 O 0 1 1
1 110 0 1 0 1
1 111 0 1 1 0
1 10 1 1 0 1
1 0|1 1 0 1 1
0o 11 1 1 1 0
1 1)1 1 1 1 0

The decoding error probability for error pattern eg = (1,0,0, 1) is upper bounded by

1 1 1 1 \?
Po(eg)™ <2 (H%) . (H%) (1+%~) " (H%)
() (5) 65 () 2 () (45)
1+7) 1+, 1+1) \1+27, 117) \1+7,
() () () ()
117) \1127, 1+7) \1+27,

~ — as Vs, Yr —» OO
s

1 1 1 \? 1 \?2
P ™ <9 +2 +2
(es) " < <1+'ys) 1+7 ) \ 147 1+,
1 \? 1 \? 1 \?
+4 +2
(1"‘73) <1+’7r) (1+’)’s>
1+, 1+ T+ Vs

where the error event eg occurs with the following probability

(C.14)

P(eg) = P(el = l)P(eg = O)P(eg = O)P(64 = 1)
(C.15)

= Pe,rl (1 - pa,rQ)(l - pe,r3)pe,r4
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Table C.9 Codebook for Error Pattern eg = (e, e2,e3,e4) = (0,1,1,0)

SM TD
T1,T2 | 3,%4 | P1 =T1 | P2 =24 || Po =21 D24
0 0|0 O 0 0 0
0 0|0 1 0 1 1
0 0|1 O 0 0 0
0 110 0 0 0 0
1 0|0 O 1 0 1
0 01 1 0 1 1
0 110 1 0 1 1
1 00 1 1 1 0
0 1|1 0 0 0 0
1 0|1 O 1 0 1
1 170 0 1 0 1
1 111 0 1 0 1
1 10 1 1 1 0
1 01 1 1 1 0
0 1|1 1 0 1 1
1 1)1 1 1 1 0

The decoding error probability for error pattern eg = (0,1, 1,0) is upper bounded by

1 1 1 1 \?
P, SM < 9 2
(oo™ < (1+%)+ (H%) (1+%«)+(1+%)
i) (5 (05) ()~ (55) (55)
T+ T+ T+ 1+ 2+, T+ 1+
() () () (55

2
~ — as Vs, Yr —> 00
Vs

PE(eg)TD§2( ! )+2( ! )( ! )2+2( ! )2
14+ v, 14 s 14, 14 s
+4( : )2( : )2+2( : >3+2< : )3( : )2
T+ T+ T+ T+ 1+
1 \* 2
+(1+%> "%

where the error event eg occurs with the following probability

(C.16)

P(eg) (61 = O)P(€2 ) (63 = 1)P(e4 = 0)
3 (C.17)
1 — Pe,rl Hpem — De, r4)
=2
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Table C.10 Codebook for Error Pattern ejg = (e, e2,e3,e4) = (1,0,1,0)

SM TD
T1,Z2 | 3,%4 | P1 =T2 | P2 =24 || Ppo = T2 D 24
0 0|0 O 0 0 0
0 0|0 1 0 1 1
0 0|1 O 0 0 0
0 110 0 1 0 1
1 0|0 O 0 0 0
0 01 1 0 1 1
0 1|0 1 1 1 0
1 0|0 1 0 1 1
0O 111 0 1 0 1
1 0|1 O 0 0 0
1 170 0 1 0 1
1 111 0 1 0 1
1 10 1 1 1 0
1 01 1 0 1 1
0 1|1 1 1 1 0
1 1)1 1 1 1 0

The decoding error probability for error pattern e;g = (1,0, 1,0) is upper bounded by

1 1 1 1 )\?
PE(elo)SM <2 (1+75) 2 (1‘1"75) (1+7r) * (1‘1'75)
) () () (53 2 () (55)
1+ s 1+, 1+ 1+ 2+, 1+ s 1+
2(55) () + (52) (55:)
1+ s 14 2, 14, 14 27,

~ — as Vs, Yr —» O
s

Pp(ey)™P <2 LI Y ! 2+2 Ly
PR =T T L4/ \1+7 L4175
1 \? 1 \? 1 \?
+4 + 2
(1+’YS) <1+’Yr> (1+’YS)
o 1 \°/ 1 2+ 1 \* 2
1T+ s 14+, 14, Vs

where the error event ejg occurs with the following probability

(C.18)

P(elo) = P(el = 1)P(62 = O)P(eg = 1)P(64 = 0)
(C.19)

= Pe,rl (1 — Pe,r2 )pe,r?)(l - pe,’r4)
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Table C.11 Codebook for Error Pattern ej; = (e1,e2,e3,e4) = (1,1,0,0)

SM TD
T1,%2 | X3,%4 || P1 =23D T4 | p2=23D T4 | po =23 D24
0O 00 O 0 0 0
0 0|0 1 1 1 1
0O o001 O 1 1 1
0 1]/0 O 0 0 0
1 0|0 O 0 0 0
0 0|1 1 0 0 0
0O 1]0 1 1 1 1
1 00 1 1 1 1
0O 11 0 1 1 1
1 0|1 O 1 1 1
1 110 0 0 0 0
1 111 O 1 1 1
1 10 1 1 1 1
1 01 1 0 0 0
0O 11 1 0 0 0
1 171 1 0 0 0

The decoding error probability for error pattern e1; = (1,1,0,0) is upper bounded by

Pg(e)™™ <2 L) ot ! poft 2
PR = T+, ) \T+2v 117
1 )2 1 1 \° 1 \3 1
+4 +2 +2
(1+7s> <1+2%) (1+'ys) (H%) (1+2%)

() 2
~ —as Vs, Yr = X
1

Pg(e12)™ <2 L) o 1 ! 2+2 Ly
B\E12 - 14 s 14 s 14, 14 s
2 2 3 3 2
(o) (575) 2 (55) ~26) ()
1T+s 14+ 14+ s 1+ 7s 1+
(45) =3
+ ~—
T+ Vs

where the error event ej; occurs with the following probability

(C.21)
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Table C.12 Codebook for Error Pattern ejo = (e1,e2,e3,e4) = (1,1,1,0)

SM TD
T1,T2 | T3,T4 || P1 = T4 | P2 = T4 || P0 = T4
0O 0j0 O 0 0 0
0 00 1 1 1 1
0 0|1 O 0 0 0
0 10 O 0 0 0
1 010 0 0 0 0
0O 011 1 1 1 1
0 1]0 1 1 1 1
1 00 1 1 1 1
0O 11]1 0 0 0 0
1 0|1 O 0 0 0
1 110 0 0 0 0
1 1|1 0 0 0 0
1 110 1 1 1 1
1 01 1 1 1 1
0O 1)1 1 1 1 1
1 1|1 1 1 1 1

The decoding error probability for error pattern ejo = (1,1,1,0) is upper bounded by

S 1 1 1 1 \?
P M <
e <3 () 4 (055) () (57
() () (52) 5 (2) ()
1+, 14 2, 14 s 1+, 1+ 2,

(! AR 3 R
~ — as Ys, %)
T+ 1+ 29, Vs it

C.22
Pr(en)™ <3 Ly (-t ! 2+3 LY o
PR =2 11, L+vs) \1+ L4
1\ 1 \? I I A
+3 + +3
(1+78) <1+%’) <1+’Ys) (1+78) <1+%’)
(=) (75) ~3
+ ~—
1+ s L+ Vs
where the error event e occurs with the following probability
P(812) = P(el = 1)P(62 = 1)P(63 == 1)P(64 = 0)
(C.23)
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Table C.13 Codebook for Error Pattern ej3 = (e1, e2,e3,e4) = (1,1,0,1)

8
o
8
I\

I3,24 || P1

8
w
3
I\

—lm) R, OROR, R, OO R OO~ ool
=
w
=
S

—l_) R, OR O, R, OO R OO~ ool
=
w

R O R R )RR~ Ok OOk O o oo
= O = == O kF O F OO0 = O OO
= —_ O RO~ FOORKROOF OO
= == 00 OO0 FMFEHEFEF OO O =IO
= o RRloOoORrR R~ o RooR~ol ol

The decoding error probability for error pattern e13 = (1,1,0, 1) is upper bounded by

S 1 1 1 1 \?
P M <
E(e13) <3 (1+’Ys) - (1+78> <1+2'Yr> +3(1+75>
(i) () () () ()
14 s 14 2, 14 s 14 s 14 2,

(! AR 3 R
~ — as Ys, %)
T+ 1+ 29, Vs it

C.24
Pr(e3)™ < 3 Ly (-t ! 2+3 LY o
PR =2 1 1 L+vs) \1+ L4
1\ 1 \? I I A
+3 + +3
(1+78) <1+%’) <1+’Ys) (1+78) <1+%’)
(=) (75) ~3
+ ~—
1+ s L+ Vs
where the error event ej3 occurs with the following probability
P(ei3) = P(er = 1)P(ea = 1)P(e3 = 0)P(eg = 1)
(C.25)

= pe,rlpe,TQ(l - pe,r3)pe,r4

www.manharaa.com




112

Table C.14 Codebook for Error Pattern ejq4 = (e1,e2,e3,e4) = (1,0,1,1)

8
o
8
I\

I3,24 || P1

=
N
3
I\

8
)
=
S

8
)

R O R R )RR~ Ok OOk O o oo
= O = == O kF O F OO0 = O OO
= = O ROk FEF OO OO K OO
= == 00 OO0 FMFEHEFEF OO O =IO
——_ O =) Rk O, ORFROORFR o ololl
) OR Rk O R, OR Ol —~ o ololll
—l) OR Rk O R OR Ol o ololll

The decoding error probability for error pattern e14 = (1,0, 1, 1) is upper bounded by

S 1 1 1 1 \?
P M <
e <3 () 4 (055) () (57
() () (52) 5 (2) ()
1+, 14 2, 14 s 1+, 1+ 2,

(! AR 3 R
~ — as Ys, %)
T+ 1+ 29, Vs it

C.26
Pr(e1s)™ <3 Ly (-t ! 2+3 LY o
B\ - 14, 14, 14+, 14+ s
1\ 1 \? I I A
+3 + +3
(1+78) <1+%’) <1+’Ys) (1+78) <1+%’)
(=) (75) ~3
+ ~—
14+ I+ Vs
where the error event ey occurs with the following probability
P(e14) = P(el = 1)P(62 = 0)P(63 = 1)P(64 = 1)
(C.27)

= Pe,r1 (1 - pe,r?) DPe,r3 Pe,rd
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Table C.15 Codebook for Error Pattern ej5 = (e1,e2,e3,e4) = (0,1,1,1)

SM TD
T1,T2 | 3,%4 || P1 =21 | P2 =71 || Po = X1
0O 0j0 O 0 0 0
0 00 1 0 0 0
0 0|1 O 0 0 0
0 10 O 0 0 0
1 010 0 1 1 1
0O 011 1 0 0 0
0O 1]0 1 0 0 0
1 00 1 1 1 1
0O 11]1 0 0 0 0
1 0|1 O 1 1 1
1 110 0 1 1 1
1 1|1 0 1 1 1
1 110 1 1 1 1
1 01 1 1 1 1
0O 1)1 1 0 0 0
1 1|1 1 1 1 1

The decoding error probability for error pattern e15 = (0,1, 1, 1) is upper bounded by

S 1 1 1 1 \?
P M <
E(915) <3 (1+’Ys) - (1+78> <1+2'Yr> +3(1+75>
(i) () () () ()
14 s 14 2, 14 s 14 s 14 2,

(! AR 3 R
~ — as Ys, %)
T+ 1+ 29, Vs it

C.28
Pg(e5)™ < 3 Ly (-t ! 2+3 LY o
B\ - 14, 14, 14+, 14+ s
1\ 1 \? I I A
+3 + +3
(1+78) <1+%’) <1+’Ys) (1+78) <1+%’)
(=) (75) ~3
+ ~—
1+ s L+ Vs
where the error event ejs occurs with the following probability
)P(63 = 1)P(64 = 1)
(C.29)

www.manharaa.com




114

Table C.16 Codebook for Error Pattern ejg = (e1,e2,e3,e4) = (1,1,1,1)

SM TD
T1,T2 | X3,Z4 | P1 =D | p2 =L | po=6
0 00 O [0} %) o}
0 00 1 %} %] &
0 o011 O (%} %) (%)
0O 10 O 1% %] 1]
1 010 O 1% %] 1]
0 0|1 1 %) %) %)
0 10 1 %) %) (%)
1 0|0 1 (%} %) %)
0O 111 0 (%) %) (%)
1 01 O (%) (%) %]
1 10 O (%) %) (%}
1 11 0 %] %) %]
1 1|0 1 (%} %) (%}
1 0|1 1 (%} %) %}
0o 111 1 (%} %] %)
1 1|1 1 %) (%} %)

The decoding error probability for error pattern ejg = (1,1,1, 1) is upper bounded by

Pp(es)™™ < 4 L) ge(-t 2+4 ! 3+ LY
PR =11, 1+, 1+7 1+

4
~ — as Ys, Y — 00 (C.30)

s

1 1 \? 1 \? 1 \* 4
Pple)™ < 4 +6( ) +4( + ~—
E( 16) N (1+78> T+7s 1T+ 1+ Vs

where the error event ejg occurs with the following probability

P(elﬁ) = P(el = 1)P(62 = l)P(eg = 1)P(6’4 = 1)
(C.31)
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The corresponding outage probability for each error pattern is given as follows.

Table C.17 Outage Probability P(out|e;) for error pattern e;, i =1,---,16

e; P(ez) SM TD

e [T (1= pr) pas|1— (1 —psm) - (1 = pas)| || pas|l — (1 —prp) - (1 — pas)®
e [_,(1 = pri)pra pas|1— (L —psm) - (1 = pas)| || pas|1— (1 —prp) - (1 — pas)?
e; [Liz12.4(1 = pri)prs pas|1 = (1= psm) - (1 = pas) | || pas |1 — (1 = prp) - (1 — pas)®
ey [Liz1,34(1 = pri)pra Pds - PSM pas|1 = (1 = prp) - (1 — pas)?
€5 Hz 2.3, 4(1 - pri)prl Pds Pds

€ | [[i12(0 —pri) ;234005 || Pas|l— (1 —psm) - (1 —pas)| | Pas|1— (1 —prp) - (1 —pas)
er | [Lic13(X —pri) [1j=04 P Pds * PSM Pas|1 — (1 —prp) - (1 — pas)
€eg Hz=2,3(1 pm) HJ 1,4 Prj Dds i Dds i
€9 Hz:1,4(1 pm) HJ =2,3Prj Pds - PSM Dds |1 — (1 - pTD) : (1 - pds)
€10 Hz 2.4 (1 pm) HJ 1,3Prj Pds Pds

€11 Hz 3,4 ( z) H7 1,2 Prj Pds Pds

€12 Hl 1,2 3pm( pr4) Pds Pds

€13 Hl 1,2 4pm( prs) Pds Pds

€14 Hl 1,3, 4pm(1 pr2) Dds Pds

€15 Hz 2.3, 4prz( prl) Pds - PSM Pds - PTD

€16 Hz 1 Pri Pds Pds
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APPENDIX D. EIGENVALUES OF AXpp - AXH,

In this appendix, we evaluate the eigenvalues of AXgp - AX gD for SM and GC mode.

Without loss of generality, assume the parity bit v, = 0 for all k. Then we have

Ya,1  Ya,3 VE. E,

Xasm = =

Ya,2 Ya4d \ Er V Er

VE, | e(1+06) a(l+6)
a@i(1+0) a(l+0)

(D.1)

where yq 1, = (—1)"*y/E, is BPSK constellation corresponding to the parity bit vq .
If {vg; ®vpy,l =1,---,4} is given by (0,0,0, 1), it follows that

vE. VE, 0 0

Xy sm = . AXgy = Xosm — Xpsm =
VE, —VE, 0 2VE,
I 0 O
AXSMAXSM =
0 4F,

for SM mode and

2WE, 0 ab
V5 aif 0

(D.3)
4E, | lal?6* 0 AE, | 0 O

AXgoAXE, =
5 0o japep | Vo lo -6

for GC mode where we used the following equalities.
lo20? = V50, |a*6]> = —v/50 (D.4)

,+++,4} combinations can be derived similarly.
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APPENDIX E. ggc(v) FOR GOLDEN CODE

gac () for GC mode is given by

nR

I1 (1 +d 5 /4N0> _nD]

n=1

By

1 4 4
=— |1+ = s + -
> { [+ 03O =3/ VBT [+ (14 D)1+ (- D]

9 4
* [(1+ (1+20)%/vVE)(1 — (1 +20)y./v5)]"" i [(1 + (6 + 4/ H28)y,) (1 + (6 - w)w)]w

1
! [(1+ (2V5E+3v2)y) (1 + (2v/5 — 3x/§)w]"”] '

Lgc=4
(E.1)
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APPENDIX F. THE ACCURACY OF (6.16) AND (6.17)

In this appendix we discuss the accuracy of the approximations
xp(t—7) ~ai(t), k=1,--- | K (F.1)
and
ni(t —7) ~ni(t), i=1,---,Npg. (F.2)

The accuracy of the approximation in (F.1) can be measured by the normalized mean square

error (MSE)

Bllaw(t) — ox(t = 7)) _

where R, (- = Elzy(t)x}(t —7)] is the autocorrelation function of z(t). For rectangular pulse
shaping, it can be shown that

il

Ruslr) = R (1- 7

) , for|r|<T (F.4)

where T is the symbol duration [76]. Therefore, the normalized MSE is

Ellzg(t) —zp(t = 1) Rye (1)
Rou(0) -2 [1 - Rm(t))] (E5)
_ 27
= 7 for |7 <T (F.6)
- Jf’ (F.7)
< 1. (F.8)

For example, when f. is 1GHz and the symbol duration 7" is 10~ second, corresponding to the

symbol rate of 1M symbols per second, the normalized MSE is 1.5 x 1073, which is negligibly

small.
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For raised-cosine pulse shaping, the autocorrelation function of zy(t) is given by [77]

cos(ant/T)

Ra:x(T) =T SinC(T/T) et St Sl g . sinc(on-/T) ) COS(?TT/T)

—(arjr) Y
where sinc(z) = sin(nz)/(rz). For f. = 1GHz and T = 10~ the normalized MSE is 2.1 x 1074,
and for f. = 1GHz and T' = 1076 it is zero. Hence, the accuracy of the approximation in (F.1)
is even higher for the raised-cosine pulse shaping.

A similar argument can be made for (F.2). Suppose n;(t) is a low-pass, wide-sense stationary
random process with a flat power spectral density over a bandwidth of W, where W is much

smaller than f.. Then, it can be shown that Ry, (7) = Rp,n, (0) sin(x7W)/(77W). Hence, the

normalized MSE is

Bl[ni(t) = ni(t — 7)P’]

0 - 2[1——811175:;/”/)] (F.10)
~ %(mwf (F.11)
< 1 (F.12)

where the approximation in (F.11) follows from the Taylor expansion sin(x) ~ z —23/6. Since,
for 7 =3/(4f.), TW = 3W/(4f.) < 1, the approximation error in (F.2) is also negligibly small.
For example, when f. is 1GHz and the symbol duration 7" is 10~ second, corresponding to the

bandwidth W of 108. the normalized MSE is 1.85 x 1076,
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APPENDIX G. THE ACCURACY OF (6.22) AND (6.23)

In this appendix we discuss the accuracy of the approximations in (6.22) and (6.23). If we

let

Azp(t) = xp(t—71)—ax(t), k=1,--- | K (G.1)

An;(t) = ni(t—71)—nyt), i=1,---,Np (G.2)
then it follows from (6.14), (6.15), and (6.20) that

yi(t) = Re{[r1(t) +wiini(t) + wglng(t)]eﬂ”fct}
+Re{jwiy 1[h1 Az (t) + hoy Axa(t) + Any (t)]e?*™ et}

+R6{jw21’1[h12AI1(t) + hooAxa(t) + Anz(t)]eﬂwfct}. (G.3)
Down converting 1 (t) into the baseband (through the RF chain) yields

21(t) = [21(t) + wiina (t) + waina(t)]
+jwir,r[hi1 Az (t) + ho1 Aza(t) + Any (t)]

+jw21,1[h12Aa:1(t) + hng.’L‘g(t) + Ang(t)] (G4)

where the first term on the right hand side of (G.4) is for the conventional receiver and the
second and the third terms are present only for the proposed receiver. Therefore, the signal-

to-interference-plus-noise-ratio (SINR) for the conventional receiver, given h, is given by

i
INR.(h)= ———— G.5
SINRe(h) lwi1]? + [war |? (G5)
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where v = E[|x1(t)|?]/E[|n:(t)|?] is the signal-to-noise ratio per receive antenna, and that for

the proposed receiver is given by

SINR, (h)
= Bllz1(&)P)/{(lwi]® + [wa]) Bl (t)[]
H(win P E[|Ang ()] + [war 1P E[|Ana(2) %))
+(Jwir,rha1 + war rhao|?) E[| Az ()]
+(|wit,rh21 + war,rhoo|*) E[| Aza(t) ]}
= {(wn]? + lwa )y
+(|lwirg* + Jwar g [*) (w7 W)? /3 471
+(Jwi1,rh11 + war rhial?
+|wi1,rhor + war,rhoo|?) - 2|7| /T (G.6)
where we used the equalities E[|Axz;(t)|?]/E[|xi(t)|?] = 2|7|/T and E[|An;(t)]?]/E[|n;:(t)?] ~
(77T)?/3. Hence, it follows from (G.5) and (G.6) that the ratio between SINR. and SINR,,

given h, is given by

SINR.(h)
SINR, (h)
lwi,r|? + |way 1| (77 W)?
|w11|? + |war |? 3
lwi1,rh11 + war rhia|? + [wi1 rhor + w21 rhos|?
|wi1]? + |wa1|?

27|y
S (G.7)

1+

For i.i.d. Rayleigh flat fading channels, Monte Carlo simulation shows that

|’w11,1|2-i-|’u}21,1|2 1
E [ [w11]2F|wa1 |2 2 (G8)
|wi1,rh11+war, rhi2|?+|wit, rtho1+wer rhee|?] 2
E [ |w11|2+|w21|2 —_— §. (G-g)

Hence, it follows from (G.7)-(G.9) that the average ratio between SINR. and SINR, is given

SINR,

Ay
SINR,, ‘

37T

1+ é(ﬂ'TW)Q + (G.10)
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