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ABSTRACT

Cooperative communication techniques have been introduced in wireless networks to
achieve spacial diversity-gain via the readiness of multiple users (via relays) to assist a source
forwarding its data to a final destination. Cooperative communication techniques have shown
their capability in improving system reliability and extending coverage area, and hence, it is
believable that they will act as a promising technology for the coming fifth-generation (5G).
Nevertheless, most existing work reported in literature on performance studies of wireless
cooperative-based systems are based on the assumptions that the multipath fading channels
among systems cooperating nodes are quasi-static (i.e., fading channels coefficients are con-
stant over a number of consecutive signaling periods) and channel-state-information (CSI)
estimation processes at systems receivers are perfect. Nowadays, however, there is an in-
creased number of users riding high-speed public transportation vehicles and demanding
wireless data services through their own terminals. As a result of such high mobility wireless
terminals, the assumption of time-selective (i.e., non quasi-static) fading is more realistic.
This time-selective fading environment would severely deteriorate the performance of exist-
ing wireless cooperative systems that have been already designed based on the assumption
of quasi-static fading (low users speeds). Further, due to impairments associated with prac-
tical receiver tracking-loops implementation issues, it is more general to assume that CSI
estimations at systems receiving sides are imperfect.

The scope of this dissertation is to provide comprehensive performance evaluation
study for several emerging models of wireless amplify-and-forward (AF) cooperative-based
communication systems that operate under the effects of the more general scenarios of high
nodes mobility (time-selective fading) and imperfect channel estimations. This performance

evaluation study is conducted by deriving closed-form expressions for different performance
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metrics; including error probability, outage probability and channel capacity. Monte Carlo
simulations are also provided to complement and validate the analytical analyses. All of the
obtained results in this dissertation are novel and general for mobile as well as non-moving
nodes and for imperfect as well as perfect CSI estimations. Moreover, in this dissertation
we develop innovative and applicable solutions and receiver designs that are capable of
mitigating the detrimental impacts of the high nodes mobility on the performance of the

cooperative system models under study.

1l



DEDICATION

To my parents, my wife, and my kids.

v



ACKNOWLEDGEMENTS

First and foremost, without reconciling God, this work would not have been accom-
plished successfully.

My sincere grateful goes to my parents and my wife for their prayers, encouragements,
patience and emotional support.

I would like to thank my academic advisor, Prof. Mustafa M. Matalgah, for his
endless help and continuous support during my Ph.D study and dissertation work. I am
most thankful for his valuable guidance and comments that helped in completing this work
and publishing several technical papers as part of it.

I would like to extend my thankfulness and appreciation to my Ph.D. examining
committee: Prof. Ramanarayanan “Vish” Viswanathan, Prof. Dwight Waddell and Prof.
Hailin Sang for their advice and supportive comments. [ would also like to thank Prof.
Lei Cao, for his serving on the committee of this work prospectus, and our administration
team at the Department of Electrical Engineering, Stefanie Delmastro and Dwight O’Dell,
and especially, the department chairman Prof. Ramanarayanan “Vish” Viswanathan for the

financial support provided during my study.

University, Mississippi Yazid Khattabi
August, 2016



TABLE OF CONTENTS

ABSTRACT . . . e ii
DEDICATION . . . . . e iv
ACKNOWLEDGEMENTS . . . . .. e A\
LIST OF TABLES . . . . . . e X
LIST OF FIGURES . . . . . . . e xi
PREFACE . . . xiv

Part I: Amplify-and-Forward (AF) Cooperative Communication Systems with Mobile

Nodes and Imperfect CSI Estimation . . . . . . ... .. .. ... ... ... ..... 1
Introduction . . . . . . . .. 2
1.1 Literature Review . . . . . . . . . .. ... 2
1.2 Work Summery . . . . . ..o 4

Regular M-Relay Variable-Gain AF Cooperative Systems With Mobile Nodes and Perfect

CSI Estimation: SNR Derivation and Performance Analysis . . . . . ... ... ... 6
2.1 Chapter Overview . . . . . . . . .. .. 6
2.2 System and Channel Model . . . . . .. .. .. ... ... ... 7
2.3 Preliminary Results: Effective SNR and pdf . . . . . . ... ... .. 12
2.4 System Performance Evaluation. . . . . .. ... .. ... ... ... 19
2.5 Nodes Mobility and CSI Estimation Rates Effects . . . . . . . . . .. 25
2.6 Numerical Results and Simulation . . . . ... ... ... ... ... 30

vi



2.7 Conclusion . . . . . . . 37

Regular M-Relay Variable-Gain AF Cooperative Systems with Mobile Nodes and Im-

perfect CSI Estimation: SNR Derivation and Performance Analysis . . . . . . .. .. 42
3.1 Chapter Overview . . . . . . . . . . ... 42
3.2 System and Channel Model . . . . . ... ... ... ... ...... 42
3.3 Preliminary Results: Effective SNR and pdf . . . . . . ... .. ... 43
3.4 System Performance Evaluation. . . . . ... ... ... ... .. .. 49
3.5 Numerical Results and Simulation . . . .. ... ... ... .. ... 52
3.6 Conclusion . . . . ... ... 54

Best-Relay-Selection M-Relay Variable-Gain AF Cooperative Systems with Mobile Nodes

and Imperfect CSI Estimation: SNR Derivation and Performance Analysis . . . . . . 56
4.1 Chapter Overview . . . . . . . . . ... 56
4.2 System and Channel Model . . . . . . . .. ... ... ... .. ... 56
4.3 Total SNR Derivation and Probability Density Function . . . . . . . 57
4.4 System Performance Evaluation. . . . . .. .. ... ... ... ... 60
4.5 Numerical Results and Simulation . . . .. ... ... ... ... .. 66
4.6 Conclusion . . . . . . .. 69

Part II: Alamouti-Type OSTBC Based Amplify-and-Forward (AF) Cooperative Com-

munication Systems with Mobile Nodes and Imperfect CSI Estimation . . . . . . .. 71
Introduction . . . . . . . . 72
5.1 Literature Review . . . . . . . . . ..o o 72
5.2 Work Summery . . . .. ... 73

Alamouti-OSTBC Based M-Relay Fixed-Gain AF Cooperative Systems with Mobile
Nodes and Perfect CSI Estimation: SINR Derivation and SEP Analysis . . . . . . . . 75
6.1 Chapter Overview . . . . . . . . . . . . . . ... 75



6.2
6.3
6.4
6.5
6.6
6.7

System Model . . . . . . ... 76

System Conditional SEP Analysis . . . . .. ... ... .. ..... 84
System Average SEP Analysis . . . .. ... ... ... ... .... 90
System Performance under Static Nodes Case . . . . . . . ... ... 91
Numerical Results and Simulation . . . . .. .. ... ... ... .. 94
Conclusion . . . . . . . .. 95

Improved Performance Zero-Forcing Space-Time Decoder (ZFSTD) for High Mobility

Alamouti-Type OSTBC Based AF Cooperative Systems: Decoder Design and SEP Anal-

VSIS oo 99
7.1 Chapter Overview . . . . . . . . . . .. . .. 99
7.2 System Model . . . . . .. ... 100
7.3 ZFSTD Decoding Matrix Design . . . . . ... ... ... ... ... 100
7.4 ZFSTD Output Decision Statistics . . . . . .. .. ... ... .. .. 101
7.5 ZFSTD SEP Performance . . . . . ... ... ... .. ... ..... 102
7.6 ZFSTD under Static-Nodes Case . . . . . .. ... .. .. ... ... 103
7.7 Numerical Results and Simulation . . . . . ... ... ... .. ... 104
7.8 Conclusion . . . . . ... 104
Improved Performance Low-Complexity Sub-Optimal Space-Time-Decoder (SOSTD) for
High Mobility Alamouti-Type OSTBC Based AF Cooperative Systems: Decoder Design
and SEP Analysis. . . . . . . .. 107
8.1 Chapter Overview . . . . . . . . . . . .. ... 107
8.2 System Model . . . . . . . . .. . 107
8.3 SOSTD Decoding Matrix Design . . . . .. ... .. .. ... .... 108
8.4 SOSTD Output Decision Statistics . . . . . . .. .. ... ... ... 112
8.5 SOSTD SEP Performance . . . . . ... .. ... ... ... ... .. 114
8.6 SOSTD under Static-Nodes Case . . . . . . ... .. .. ... .... 115

viil



8.7 Numerical and Simulation Results . . . . . . . . .. ... ... ... 116

8.8 Conclusion . . . . . . . 119

Alamouti-OSTBC Based M-Relay Fixed-Gain AF Cooperative Systems with Mobile

Nodes and Imperfect CSI Estimation: SINR Derivation and SEP Analysis . . . . . . 120
9.1 Chapter Overview . . . . . . . . . . . .. 120
9.2 System Model . . . . ... ... 121
9.3 ALD Decision Variables . . . . . . .. ... ... ... 124
9.4 System Conditional SEP Analysis . . . . . ... ... ... ..... 130
9.5 System Average SEP Analysis . . . . ... ... ... ... ... .. 144
9.6 Numerical Results and Simulation . . . . .. .. .. ... ... ... 145
9.7 Conclusion . . . . . .. . 149
Part III: Dissertation Conclusions and Proposed Future Work . . . . . ... ... .. 151
Dissertation Conclusions and Proposed Future Work . . . . . . .. ... ... .. .. 152
10.1 Dissertation Conclusions . . . . . . . . . . . . ... ... ... ..., 152
10.2 Proposed Future Work . . . . . . . . . ... ... 154
BIBLIOGRAPHY . . . . . 156
APPENDIX . . . . 162
Approximating I0'|S; as ZMCSCG . . . . . . . . . 163
Approximating I§'|S; and I5|S) as ZMCSCG . . . . . ... .. ... ... ... 165
VITA e 167

X



2.1

2.2

LIST OF TABLES
Different Correlation parameter values obtained using (2.2.5) for different rel-
ative speeds in mph and transmission data rates in kbps with carrier frequency
of 1.9 GHz. . . . . . . e
Different Correlation parameter values obtained using (2.2.5) for different rel-

ative speeds in mph and transmission data rates in kbps with carrier frequency



2.1

2.2

2.3

24

2.5

2.6

2.7

2.8

2.9

2.10

LIST OF FIGURES

System model: M-relay regular-protocol amplify-and-forward wireless cooper-
ative network with time-selective fading channels. . . . . . . . ... ... .. 8
BPSK BER versus Eg/N, with 2% CSI estimation rates (N = 50) for number
of relays M =1, 2 and 3. In dB: E[|h,4(1)]?] = 1, E[|hs¢(1)|*] = {1.5,2.5,3.5}
and E[|h,q4(1)]?] = {2.5,3.5,4.5}. The Source is mobile and the other nodes
are static corresponding to correlation parameters of ps 4 = psy = 0.9997 and

BPSK lower bound BER versus E,/N, with 5% CSI estimation rates (N =

20). In dB: E[|hsa(1)]?] = 1, E[|hse(1)]?] = {1.5,2.5,3.5} and E[|h,q(1)]?] =
{4.5,5.5,6.5}. The corresponding correlation parameter is 0.9986. . . . . . . . 33
BPSK lower bound BER versus F;/N, with 2% CSI estimation rates (N = 50)

and M = 2. In dB: first hop=second hop: E[|h(1)|?] = E[|hea(1)]*] =
{0.5,0.8,01.2}, first hop>second hop: E[|hs(1)|?] = {4.5,5.5,6.5} and E[|hy4(1)|*] =
{1.5,2.5,3.5}, second hop>first hop: E[|h,,(1)]?] = {1.5,2.5,3.5} and E[|h,4(1)[*] =
{4.5,5.5,6.5}. The corresponding correlation parameter is 0.9989.. . . . . . . 34
BPSK lower bound BER versus F/N, for M = 3. In dB: E[|hs4(1)|?] = 1,
E[|hs(1)]?] = {4.5,5.5,6.5} and E[|heq(1)[*] = {1.5,2.5,3.5}. The correspond-

ing correlation parameter is 0.9969.. . . . . . . ... oo 35
Outage probability versus F/N, with 2% CSI estimation rates (N = 50). In

dB: E[|hsq(1)]?] = 1, E[|hse(1)]?] = {2.5,3.5} and E[|heq(1)]?] = {3.5,4.5}.

The Source is mobile and the other nodes are static corresponding to correla-

tion parameters of psq = ps¢ = 0.9997 and p;g=1.. . . . . . ... ... 36
Theoretical lower bound outage probability versus Fs/N, with M = 2 and 2%

CSI estimation rate. In dB: E[|hs4(1)]?] = 1, E[|hss(1)])] = {1.5,2.5} and
E[|hse(1)]?] = {4.5,5.5}. The corresponding correlation parameter is 0.9980. . 37
Theoretical lower bound outage probability versus E,/N, with M = 2. In dB:
E[|hsa(1)?] = 1, B[|hsr(1)]?] = {1.5,2.5} and E[|hs,(1)]?] = {4.5,5.5}. The
corresponding correlation parameter is 0.9980. . . . . . .. ... ... ... 38
Average upper bound normalized capacity versus E;/N, with 2% CSI estima-

tion rates (N = 50). In dB: E[|h,q(1)]*] = 1, E[|hss(1)|*] = {2.5,3.5} and
E[|hea(1)]?] = {3.5,4.5}. The Source is mobile and the other nodes are static
corresponding to correlation parameters of ps 4 = ps¢ = 0.9997 and p; g =1.. . 39
Theoretical upper bound average normalized capacity versus Fg/N, with M =

2 and 2% CSI estimation rates. In dB: E[|hsq(1)?] = 1, E[|he((1)|*] = {2, 3}

and E[|heq(1)?] = {4,2}. Correlation parameter of 0.9999 for 10 mph speed

and 0.9990 for 75 mph speed. . . . . . ... 40

x1



2.11

3.1

3.2

3.3

4.1

4.2

4.3

4.4

4.5

4.6

6.1

6.2

6.3

Theoretical upper bound average normalized capacity versus Fs/N, with M =

2. IndB: E[|hs(1)]?] = {2,3,1} and E[|hs4(1)[*] = {4,2,2}. The correspond-

ing correlation parameter is 0.9986. . . . . . . . ..o 41
BPSK BER versus E;/N, with 2% CSI estimation rates (N = 50) and M =1, 2

and 3. In dB: E[|h,4(1)]?] = 1, E[|hs,(1)|?] = {1.5,2.5,3.5} and E[|heq(1)]?] =
{2.5,3.5,4.5}. The Source is mobile and the other nodes are static correspond-

ing to correlation parameters of psq = ps¢ = 0.9997 and p; ¢ = 1. In case of
imperfect channel estimation: o7  =0.02¥(a,b). . . .. .. ... ... ... . 53
Per-block-average outage probabifity versus /N, with and N = 30 and M =

1 and 2. In dB: E[|hsq(1)]?] = 1, E[|hso(1)|*] = {1.5,2.5} and E[|hs,(1)]?] =
{2.5,3.5}. The corresponding correlation parameter is 0.9990. In case of im-
perfect estimation: o7  =0.03¥(a,b). . . . ... ... ... 54
Per-block-average uppér—bound normalized capacity versus F;/N, with N =

100 and M =1, 2 and 3. In dB: E[|h 4(1)|?] = 1, E[|hse(1)]?] = {1.5,2.5,3.5}

and E[|h,(1)[’] = {2.5,3.5,4.5}. Imperfect estimation with o7 = = 0.01¥(a,b). 55
System model: M-relay best-relay-selection amplify-and-forward wireless co-
operative system with time-selective fading channels. . . . . . . . . . ... .. o7
Best-relay selection BPSK BER versus Es/N, with N =25 and 1 and M =1

and 2. In dB: E[|hsq(1)[*] = E[|hs(1)]?] = E[|hea(1)]?] = 1. The Source is
mobile and the other nodes are static corresponding to correlation parameters

of psa = pse = 0.999 and p; 4 = 1. Channel estimation is perfect (afab =
OV(a, D). o oo ... 66
Regular and best-relay-selection cooperative protocols BPSK BER versus E; /N,
with N =50 and M = 2. In dB: E[|hsq4(1)*] = 1, E[|hse(1)]?] = {1.5,2.5} and
E[|heq(1)]?] = {2.5,3.5}. Mobile nodes corresponding to correlation parameter

of 0.9998. Channel estimation is perfect (o7 , =0V(a,b)). . . . .. .. .. .. 67
Regular and best-relay-selection cooperative protocols BPSK error floors ver-

sus the correlation parameter p for M = 2 and N = 10 and 80. In dB:
Ellhsa(1)]!] =1, E[|hso(1)]?] = {1.5,2.5} and E[|h,q(1)] = {2.5,3.5} . . . . . 68
Best-relay-selection per-block-average upper bound system normalized capac-

ity versus E,/N, with B =1, N =50 and M = 2. In dB: E[|h.,(1)]?] = 1 V(a,b). 69
Best-relay-selection per-block-average lower-bound outage probability with and
without estimation error. N = 40, M = 1 and 2, and R = 1. In dB:
Ellhap(D)2) = 1¥(a,b). . o o 70
System model: Alamouti-OSTBC Transmission over M-relay fixed-gain amplify-
and-forward wireless cooperative system with time-selective fading channels. . 76
Average SEP versus E /N, for M = 1, 4 and 64 QAM constellations, trans-
mission data-rate Ry = 9.6 ksps, carrier frequency f. = 2.4 GHz, path-loss
exponent n = 3, normalized nodes distances d;y =1 and dpg=2. . . . . . .. 95
Average SEP versus Fs/N, for M = 1, 4 and 64 QAM constellations, trans-
mission data-rate R, = 64 ksps, carrier frequency f. = 2.4 GHz, path-loss
exponent n = 3, normalized nodes distances d,y = 1 and dpg =2. . . . . . .. 96

xii



6.4

6.5

7.1

7.2

8.1

8.2

8.3

8.4

9.1

9.2

9.3

9.4

Average SEP versus E;/N, for M = 1, 2 and 3, 16—QAM constellations,
transmission data-rate Ry = 25 ksps, carrier frequency f. = 2.4 GHz, path-
loss exponent n = 2, normalized nodes distances ds; = 2 and dy 4 = 1. .

ALD Semi-analytic Average SEP versus E/N, for M = 2, 16 and 256 QAM

constellations, different transmission data-rates, carrier frequency fe = 2.4 GHz,

path-loss exponent n = 2, normalized nodes distances ds; ¢y = 1 and dy 4 = 2.

Average SEP versus F/N, for both ZFSTD and ALD. M =1 2 and 3, QAM
constellations size of 16, transmission data-rate R, = 25 ksps, carrier frequency
fe = 2.4 GHz, path-loss exponent n = 3, normalized nodes distances d;, = 2
and dg’d = 1. s
Average SEP versus nodes relative speeds for both ZFSTD and ALD with
Es/N, = 20 dB, different transmission dat-rate values, M = 1 and 2, QAM
constellations size of 64, carrier frequency f. = 2.4 GHz, path-loss exponent
n = 3, normalized nodes distances dsy =2 and dyg=1. . . . . . . . ... ..
Average SEP versus E,/N, for both ALD and SOSTD with 0 and 70 mph
relative speeds, number of relays M = 1 2 and 3, QAM constellations size
of 16, transmission data-rate Ry = 25 ksps, carrier frequency f. = 2.4 GHz,
path-loss exponent n = 2, normalized nodes distances ds;y = 2 and dy 4 = 1.

Average SEP versus E;/N, for both ALD and SOSTD with 0 and 60 mph
relative speeds, number of relays M = 2, QAM constellation sizes of 16 and
64, transmission data-rate Ry = 20 ksps, carrier frequency f. = 2.4 GHz,
path-loss exponent n = 3, normalized nodes distances ds; ¢y = 1 and dy 4 = 2.

Average SEP versus nodes relative speeds for both SOSTD and ALD with
E;/N, = 25 dB, different transmission dat-rate values of 9.6 and 25 ksps,
M =1, QAM constellations size of 4 and 16, carrier frequency f. = 2.4 GHz,
path-loss exponent n = 2, normalized nodes distances d;, = 1 and dyq = 2.

Average SEP versus transmission data-rate for both SOSTD and ALD with
Es/N, = 25 dB, different nodes relative speeds of 10 and 75 mph, M = 2,
16 — QAM constellation, carrier frequency f. = 2.4 GHz, path-loss exponent
n = 2, normalized nodes distances dsy =1l and dyg=2. . . . . . . ... ...
Average SEP versus E/N, for M = 1 and 4 and 64-QAM, transmission data-
rate Ry, = 44 ksps, carrier frequency f. = 1.9 GHz, path-loss exponent n = 2,
normalized nodes distances dsy =1l and dyg=2. . . . . . . .. ... ... ..
Average SEP versus Eg/N, for M =1 and 2, 16 QAM constellations, trans-
mission data-rate R, = 44 ksps, carrier frequency f. = 1.9 GHz, path-loss
exponent n = 2, normalized nodes distances dsy =1 and dyg =2. . . . . . ..
Average SEP versus nodes relative speeds in mph with E,/N, = 25 dB, dif-
ferent transmission data-rate values of 9.6 and 25 ksps, M = 1, QAM constel-
lations size of 16 and 64, carrier frequency f. = 2.4 GHz, path-loss exponent
n = 3, normalized nodes distances dsy =1l and dyg=2. . . . . . . ... ...
Average SEP versus transmission data-rate in ksps with E;/N, = 25 dB, dif-
ferent nodes relative speeds of 10, 75 and 120 mph, M =1, 16 — QAM constel-
lation, carrier frequency f. = 2.4 GHz, path-loss exponent n = 2, normalized
nodes distances dgy =land dpg=2.. . . . . . . ...

xiil

97

98

116

117

118



PREFACE

Modern wireless communication systems require reliable communication with very
low error rates, in order to achieve very high data rates, and simple designs with less pro-
cessing at mobil nodes. Achieving these requirements is mainly challenged by the multipath
fading nature of the wireless channels, which greatly affects the quality of received signals
and impairs overall system performance. Alleviating these multipath fading detrimental im-
pacts in wireless systems is possible by employing diversity. The idea of diversity is based
on transmitting same information-bearing signals over multiple independent fading chan-
nels and then combining all received replicas via appropriate diversity combining receiver.
This technique has great capability of reducing the probability of having deep fading and of
improving the combined received signal quality. Diversity techniques have been intensively
studied in literature and several approaches have been proposed, which are already employed
in current communication systems. One of these approaches is what so called antenna di-
versity (or spacial diversity), in which spaced sufficiently far enough multiple antennas can
be located at the transmitter, the receiver or both. Based on where antennas are located
in communication systems terminals, antenna diversity techniques can be classified into
receive-diversity, using single transmit antenna and multiple receive antennas (so-called as
single-input-multiple-output (SIMO) systems), and transmit-diversity, using multiple trans-
mit antennas and single receive antenna (so-called as multiple-input-single-output (MISO)
systems). Moreover, the combination of both is applicable and the resulted system is what
so called multiple-input-multiple-output (MIMO) system. In SIMO systems, efficient com-

bining methodologies are required at the receiving side to combine all received signals and

Xiv



obtain the intended diversity gain. Among these combining methodologies that have been
widely studied in communications literature are maximal-ratio-combining (MRC), equal-
gain-combining (EGC) and selection-combining (SC). In MISO systems, diversity gain can
be achieved at receiving sides if transmit data symbols are distributed among the transmit
antennas in an efficient design that guarantees propagating them over multiple independent
channels. Among these efficient designs is space-time-coding (STC). In STC-based com-
munication systems, transmit data stream is encoded across transmit antennas and several
signaling periods such that redundant reception of same information-bearing data symbols
over independent fading channels is guaranteed. In MIMO systems design problems, there
is a tradeoff between improving overall system performance (via extracting spacial diversity
gain) or achieving higher spectral efficiency and data throughput (via extracting spacial mul-
tiplexing gain). Employing STC in MIMO systems is an oriented design approach toward
maximizing system diversity gain and improving its performance. On the other hand, de-
signing and employing vertical Bell-labs-layered-space-time (V-BLAST) receiving equalizers
in MIMO systems is an oriented design approach toward maximizing system throughput.
Achieving MIMO spacial diversity and /or multiplexing gains at some wireless devices
might be impractical due to their size, cost and energy limitations. Therefore, during the
past decade, an alternative of what so-called cooperative communication has been proposed
to achieve diversity without modifications on power and size constraints of mobile wireless
terminals. This could be achieved by allowing multiple users (called relays) to cooperate
and effectively share their antennas, as a virtual antenna array, and other resources to assist
the source node (transmitter) forwarding its data to a final destination. In general, two
common scenarios of relaying can be applied in cooperative networks; amplify-and-forward
(AF) and decode-and-forward (DF). In AF system, the relays only amplify the received
signals broadcasted from the source and retransmit them to the ultimate destination without
any detection or decoding of the original data. In DF systems, the received signals at the

relays are decoded to recover the information bearing data, and then retransmitted once again
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toward the destination. It has been demonstrated that cooperative diversity techniques can
achieve a diversity gain equal to the number of paths between the source and the ultimate
destination even though all cooperating nodes are equipped with single antennas. Further,
the transmission of space-time-codes over wireless cooperative networks has gained great
interest in the research community. By this combination, the STC transmit diversity gain
achieved at the receiving node can be increased proportionally with the number of the
relays without affecting the design of the STC decoders. Recently, cooperative diversity is a
promising technique that has found its way in several recent mobile wireless communication
systems, e.g., IEEE 802.11s and 3GPP LTE. It is also expected to be included as a feature
in the coming fifth-generation (5G) standards.

Performance analysis of cooperative diversity systems has attracted a huge research
interest in the communications literature community. Nevertheless, most of reported research
results are based on the the assumptions that the fading channels among the cooperating
nodes are quasi-static (i.e., their fading coefficients are assumed to be constant over a num-
ber of consecutive signaling periods) and the channel-state-information (CSI) estimation
processes at the systems receivers (the relays and destination) are perfect. However, in prac-
tical wireless networks applications, these assumptions are not fairly realistic. For example,
nowadays, number of users using wireless terminals while they are riding high-speed public
transportation vehicles (e.g., cars, buses, trains, subways, or airplanes) is increasing. In such
high mobility wireless systems, and according to Jakes’ autocorrelation model, increasing
the relative speed between any two communicating nodes reduces the correlation between
any two time-adjacent coefficients of their fading channels. This is basically as a result of
the increased Doppler spread by nodes mobility. For example, a mobile moving at a speed
of 70 mph, transmitting a data rate of 10 kilo-symbols-per-second (ksps) and operating at
a carrier frequency of 5 GHz can introduce a Doppler shift of 550 Hz. Furthermore, the 3G
European cellular standard (i.e., higher data-rate systems) works on trains as fast as 300

mile-per-hour (mph), which introduces a Doppler shift of up to 800 Hz for a carrier frequency

Xvi



of 2 GHz. There are also some military applications like unmanned airborne vehicles (UAV)
systems in which higher Doppler shifts is encountered. Therefore, in all of these applications,
the assumption of time-selective (non quasi-static) fading is more realistic. Moreover, due
to impairments associated with practical receiver implementation issues, it is more practical
to assume that estimated fading channel coefficients at systems receivers are corrupted by
estimation errors (i.e, CSI estimation is imperfect). These facts motivate us to investigate
in this dissertation the impact of high nodes mobility (the time-selective fading) and the
imperfect CSI estimation on the performance of different cooperative based wireless com-
munication system scenarios and to propose innovative and realistic solutions to overcome
with these impacts. This dissertation is partitioned into two main parts and each part is
divided into chapters. In the following, we summarize the research contribution behind this
dissertation by providing a summery for each part conducted work.

In Part I of this dissertation, we are concerned in analyzing and investigating the
performance of wireless amplify-and-forward (AF) cooperative communication systems with
single-antenna nodes under the impacts of the time-selective fading (due to high nodes mo-
bility) and the imperfect CSI estimation. This part includes three main research problems.
In the first one (chapter 2), we consider such a time-selective fading AF cooperative sys-
tem model but with multiple relays, variable amplification gains at the relays, negligible
CSI estimation errors (perfect estimation) at the receivers, and regular cooperative protocol
(in which all relays signals are combined at the destination via MRC combining). In this
chapter, we analyze the performance of this cooperative based system model in terms of
three metrics; the bit error rate (BER), the outage probability and the system Shannon
capacity. More specifically, we derive novel closed-form tight approximate expressions for
the per-block-average of these three performance metrics, which are further verified through
exact Monte Carlo simulations. The derived expressions in this chapter are general functions

of both the cooperating nodes speeds (in terms of the links correlation parameters) and the
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receivers’ tracking loops CSI estimation rates® (in terms of the transmitted block length).
Thus, these expressions are valid for mobile as well as static nodes for both low and high
CSI estimation rates. We use these expressions to analytically investigate the system per-
formance under the impacts of several nodes mobility scenarios. Further, these expressions
are used to investigate the role of the receiver’s tracking loops speeds in mitigating the high
nodes mobility impact on the system performance. In the second research problem of part
I (chapter 3), we consider same cooperative based system model considered in chapter 2,
but, along with the practical assumption of nodes mobility (time-selective fading), we follow
the more realistic assumption of imperfect CSI estimation at the relays and the destination
receivers. Under these assumptions, we, in chapter 3, similarly analyze the overall sys-
tem performance by deriving closed-form expressions for the system per-block-average BER,
outage probability, and Shannon capacity. The performance metric expressions obtained
in chapter 3 are functions of the fading channels correlation parameters as well as of the
channel estimation errors, and thus, they generalize their corresponding performance metric
expressions in chapter 2. It should be noted that the regular cooperative protocol (which is
employed in chapters 2 and 3 of part I of this dissertation) has a drawback that the second
phase data transmission from the relays to the destination requires number of orthogonal
channels equivalent to the number of the system relays. This yields an inefficient use of
the system channel resources and reduction in its spectral efficiency. An alternative to the
regular cooperative protocol that can tackle this problem without reducing the achieved full
diversity gain is the best-relay-selection. In this protocol, the relay that achieves the highest
effective signal-to-noise-ratio (SNR) at the destination is the only relay that retransmits to
the destination. By this scheme, the number of the required transmission channels is dropped
to two, and thus, results in reduced required channel resources. However, in communication
systems literature, performance evaluation of best-relay-selection cooperative based systems

has been conducted with negligible nodes mobility and imperfect channel estimation effects.

1By CSI estimation rate we mean how much the receivers’ tracking loops are fast enough to catch up and
estimate the fading channels coefficients over the individual signaling periods.
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Thus, chapter 4 of this dissertation is dedicated to fill this literature gab by evaluating the
performance of the best-relay-selection cooperative protocol considering both practical as-
sumptions of mobile nodes and imperfect channel estimation. In chapter 4, we consider same
system model as in chapter 3, but instead of employing the regular cooperative scheme we
employ the best-relay-selection one and analyze its overall performance by deriving novel
and general closed-form expressions for its BER, outage probability and Shannon capacity.

Part II of this dissertation includes four research problems, in which, we provide ana-
lytical symbol error probability (SEP) performance evaluation and improvement for wireless
multiple-relay fixed-amplification-gain AF cooperative communication systems that employ
Alamouit-type orthogonal-space-time-block-code (OSTBC) transmission at the source and
operate in high mobility environment along with either perfect or imperfect CSI estima-
tion. In chapter 6, we consider such a mobile cooperative system model with perfect CSI
estimation assumption and employ the classical Alamouti space-time decoder (ALD) at
the destination. We then show that the time-selective fading (or the high nodes mobility)
destroys the orthogonality and the optimality of this ALD decoder as a result of its out-
put correlated and non-separable (with inter-transmit-antenna-interference (ITAI)) decision
statistics. Starting from these decision statistics, we derive exact general conditional SEP
expression for the system under study and use it to semi-analytically evaluate the system
average SEP performance. We show that this ALD based system average SEP performance
is severely affected by high nodes mobility and experiences irreducible error floors. In order
to overcome with this nodes mobility effect, in chapter 7, we design a zero-forcing-space-
time-decoder (ZFSTD) that could be employed at the system destination (instead of the
ALD) such that it is capable of providing decision statistics without ITAI terms. In chapter
7, we evaluate the average SEP performance of this proposed ZFSTD based system and
show its perfect immunity against the high nodes mobility by completely suppressing the
error floors. We also show, however, that this proposed ZFSTD has a drawback that its

achieved error performance improvement over that of the ALD system comes at the expense
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of additional decoding complexity at the destination. Therefore, in order to address this
drawback, we propose in chapter 7 another space-time decoder that has high capability of
reducing the nodes mobility impact on the system error performance, but without any ad-
ditional decoding complexity (i.e., has decoding complexity level equal to that of the ALD
but with improved error performance). In particular, we derive the decoding matrix of this
proposed decoder, employ it at the destination and show that it achieves the required target
by providing separable decision statistics and improved error performance. The proposed
decoder in chapter 8 is sub-optimal because it provides correlated statistics, and hence, we
refer to it as sub-optimal-space-time-decoder (SOSTD). In chapter 9 of the dissertation, we
generalize the ALD system model studied in chapter 6 by assuming (along with assumption
that the system fading channels are time-selective) that the channel estimation processes at
the system relays and destination are imperfect. For this extended system, we derive tight
approximate expression for its conditional SEP performance, which generalizes the one de-
rived in chapter 6 and helps in investigating the impact of both nodes mobility and channel
estimation errors on the performance of mobile AF cooperative communication systems that

employs Alamouti-type OSTBC coding and decoding.



Part I:
Amplify-and-Forward (AF) Cooperative Communication Systems with Mobile Nodes and

Imperfect CSI Estimation



CHAPTER 1

Introduction

1.1 Literature Review

Performance evaluation of wireless cooperative communication networks under the
impact of the more practical scenarios of imperfect (or outdated) channel estimation and/or
time-selective fading (due to high nodes mobility or Doppler spread effect) has been consid-
ered in several locations in literature. In [1] and [2], the effects of practical channel estimation
schemes, in terms of estimator design and pilot symbol spacing based upon realistic channel
models, on the performance of quasi-static fading AF cooperative communication systems
have been investigated. In [3], the impact of both imperfect channel estimation and Doppler
spread on the performance of a single-relay AF cooperative system has been studied, where
closed-form expression for the system symbol error rate (SER) performance has been de-
rived. The authors of [4] have considered dual-hop AF cooperative system with quasi-static
fading environment and investigated the effect of the imperfect channel estimation at the
relay’s receiver on the system error and outage probabilities. In [5], the authors have de-
rived closed-form SER expressions for a multiple-relay DF cooperative network operating in
time-selective fading environment but with perfect channel estimation. The work in [6] has
focused on studying the harmful effects of the unknown and time-varying fading channels
on the information rate of a single-relay AF cooperative system. The results reported in
[3] and [5] have shown that the imperfect channel estimation and/or the time-selective fad-
ing assumptions severely degrade the coherent-detection error performance of the systems
under study, where such degradation is mainly represented by irreducible error floors. It is

worthwhile to mention that the analyses in [3]-[6] are conducted under the employment of
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the pilot-symbol-assisted modulation (PSAM) technique to model the time-selective (time-
varying) fading channles. In literature, PSAM technique has been proposed to estimate the
gains of the time-varying fading channels and it is practically implemented by periodically
inserting known pilot symbols to the transmitted data sequences [7], [8]. An alternative to
PSAM, to model the time-varying fading channels or the channel estimation processes, is the
first-order autoregressive (AR1) model. The information theoretic results reported in [9] have
shown that the AR1 model is a sufficiently accurate model for the time-varying fading chan-
nels. The issue of estimating the parameters of the AR1 model have been studied in several
places in literature [10], [11], [12]. In [10] and [11], the work is devoted to channel estimation
and tracking of the AR1 model parameters in non-cooperative based systems. In [12], the
authors have analysed these estimation and tracking processes for an AF cooperative system
based on Kalman filter (KF) based algorithm. In [13], outdated channel estimates (due to
feedback delay) have been assumed and modeled via the AR1 process, and its impact on the
performance of relay selection AF cooperative system has been evaluated. In this modeling
of the outdated channel estimates, the AR1 process is utilized to represent the correlation
between the delayed (estimated) and the current (actual) fading channel coefficients. In [14]
and [15], the AR1 model has been exploited to model the time-varying fading channels (by
expressing the correlation between the actual time-adjacent channel coefficients) in cooper-
ative systems. In [14], a partially coherent detector for AF and DF single-relay cooperative
network has been proposed to mitigate the error floors appeared in case of coherent detec-
tions. In [15], the authors have considered a multiple-relay AF cooperative diversity system
and employed the differential coherent detection at the destination in order to overcome with
the time-varying fading channels impact. In the system model assumed in [15] the CSI is
not required at the relays and the destination and the amplification gains at the relay nodes

are not adaptive to the channel gains (i.e., fixed gains).



1.2 Work Summery

Based on the above aforementioned literature review and to the best of our knowl-
edge, none of the work reported has addressed the performance evaluation of a multiple-relay
AF wireless cooperative communication system with maximal-ratio-combining (MRC) at the
destination under the effect of the time-selective fading and CSI estimation rates (i.e., how
much the receivers are fast enough to track and estimate the channel gains over individual
time slots). In the first three chapters of this part, we consider such a system model with
a source node (S), M-relays (R, Rs, - - -, Ryy) and a destination node (D) and use the AR1
process to model the system time-selective fading channels among the communicating nodes.
Unlike the work in [15], we consider variable amplification gain at the relays, coherent MRC
detection at the destination where the CSI knowledge is required at the system receivers.
We first derive novel expressions for the direct and the ith indirect (end-to-end) paths in-
stantaneous SNRs, which are general for the links temporal characteristics. We then exploit
the moment generating function (MGF') approach to derive the probability density functions
(pdf) of the upper bounded total effective SNR obtained at the output of the MRC desti-
nation. We use same pdf to derive general closed-form expressions for the per-block-average
system BER, considering binary phase shift keying (BPSK) transmission, outage probabil-
ity, and system Shannon capacity as well as their asymptotic limits. Using these derived
expressions, we analytically and numerically investigate the impact of different nodes mobil-
ity scenarios as well as the effect of CSI estimation rates on the overall system performance.
These analyses are conducted in this part for both assumptions of perfect (in chapter 2) and
imperfect (in chapters 3 and 4) channel estimations. The analyses conducted in chapter 3,
are repeated in chapter 4 but considering the best-relay-selection (BRS) scheme instead of
the regular one. The remainder of this part of this dissertation is organized as follows. In
chapter 2 we present the multiple-relay system and channel model and discusses the AR1
process used to model the fading channels, the variable-gains considered at the relays, and

the CSI estimations at the relays and the destination. In this chapter, we employ the regular
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cooperative protocol and analyze the overall system performance considering perfect channel
estimation at the network’s receivers. Chapter 3 extends the analysis in chapter 2 by follow-
ing the more general assumption of imperfect channel estimation. In chapter 4, we reanalyze
the performance of the system model under study but by employing the best-relay-selection

cooperative protocol instead of the regular one along with imperfect channel estimation.



CHAPTER 2

Regular M-Relay Variable-Gain AF Cooperative Systems With Mobile Nodes and Perfect

CSI Estimation: SNR Derivation and Performance Analysis

2.1 Chapter Overview

In this chapter, we consider a dual-hop multiple-relay variable-gain amplify-and-
forward (AF) cooperative system with maximal ratio combining (MRC) at the destination
and investigate the effects of both the cooperating-nodes mobility and the receivers’ estima-
tion rates of the channel state information (CSI) on its performance. By CSI estimation rates
we mean how much the receivers’ tracking loops are fast enough to catch up and estimate the
fading channels gains over the individual signaling periods. Also, the estimation processes
at the network’s receivers (the relays and the destination) are assumed to be perfect, i.e.,
the channel estimation error is negligible. In addition, we employ in this chapter the regular
cooperative protocol, in which all relays are active and participate in the relaying process
via orthogonal transmissions. The fading links between any two cooperating nodes in this
network are assumed to be frequency-flat (frequency-nonselective), time-selective (as a result
of the nodes mobility), Rayleigh, independent but not identically distributed (i.n.i.d), and
modeled by a first-order autoregressive (AR1) process.

Under these considerations, we first derive exact expressions for the destination’s
effective signal-to-noise-ratios (SNRs) through the direct (source-to-destination) and the
ith-indirect (end-to-end) paths. Moreover, we derive approximate closed-form expression for
the probability density function (pdf) of the total effective SNR at the destination’s MRC
output. Using this pdf, We derive closed-form tight approximate expressions for the system’s

per-block-average bit error rate (BER), outage probability, and system capacity in Shannon’s
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sense. These expressions are generic enough and valid for time-selective as well as quasi-static
fading links for both low and high CSI estimation rates. We analytically show that, due to
relatively high speeds of the cooperating-nodes, the system BER, outage probability, and
capacity are severely degraded and, in some particular network circumstances, experience
asymptotic limits. When both of the source and the destination are static, the system
performance does not experience asymptotic limits even though the relays are in motion.
On the other hand, despite that the relays are static, the mobility of either the source or
the destination severely impact the system performance by asymptotic limits. Moreover, the
difference between the impact of the source mobility and the destination mobility depends
on the symmetrical conditions of the network two hops fading gains powers.

Moreover, we assume the scenario that the relays and the destination receivers are
equipped with fast tracking and estimation loops, and show that the harmful impact of
the nodes mobility (or the time-selective fading) can be completely eliminated. Simulation
and numerical results are also provided to verify the accuracy of the derived analytical

expressions.

2.2 System and Channel Model

2.2.1 Signal and link model

As depicted in Fig. 2.1, we consider a mobile cooperative network with a source
node S communicates with a destination node D via a direct link (S-D) and M dual-hop
indirect paths through M AF relays R;,i = 1,2..., M (S-R;-D). We assume that the source
transmits consequent data blocks each with N symbols length. Over the kth signaling-period,
two phases of transmissions are accomplished throughout the network. In the first phase of
cooperation, the source broadcasts the signal z(k), and with average transmit energy F, to

the destination and the relays. The received signals at the destination and at the ith relay



Orthogonal
Transmissions

(k)
1,4 (k)
my(k)  Destination node

Source node

Input-data 50 @) - [+ - ) X(k) : YilK)[ gpsk|output-data
_>|E MRC detector

Figure 2.1. System model: M-relay regular-protocol amplify-and-forward wireless coopera-
tive network with time-selective fading channels.

during this phase are, respectively, given by

red(k) = hea(k)x(k) + ngq(k) (2.2.1)

and,

For AF relaying, the ith relay multiplies its received signal r,;(k) by the amplifying gain
G;(k) and, in the second phase of cooperation, retransmits it toward the destination as
x, (k) = Gi(k)rs;(k). In this chapter we consider regular cooperative protocol, and thus

these transmissions from all relays are required to be orthogonal (either via TDMA, FDMA



or CDMA) in order to travel through independent paths. However, the received signal at

the destination from the ith relay can be written as
ria(k) = hia(k)z:, (k) + nia(k). (2.2.3)

The gains hs 4(k), hsi(k) and h; 4(k) represent the small-sale fading coefficients corresponding
to the kth transmitted symbol during the S-D, S-R; and R;-D fading links, respectively,
which are distributed as complex Gaussian (i.e., Rayleigh envelope and uniform phase).
Each of ng4(k), ns;(k) and n; 4(k) is a zero-mean circularly symmetric complex Gaussian
(ZMCSCG) additive white noise with variance N, (CN (0, N,)) and they, respectively, corrupt
S-D, S-R; and R;-D links.

Because we consider mobile network, we assume that the relative speed between any
two communicating nodes is significant, and according to Jakes’ model [16], the variation in
the time-adjacent channel gains of their associated fading links can be considered significant.
In order to take this variation into account, we assume that each fading link between any
two communicating nodes is characterized as time-selective and modeled by the first-order

autoregressive (AR1) process [9] as

ha,b(k) = pa,bha,b(k - 1) + \/1 — pfl’bea,b(k‘) (224)

where the pair a,b denotes for one of the following pairs; s,d, s,r; and r;,d. The random
process e,(k) represents the varying component of the associated link and assumed to
be ZMCSCG with a density of CN(0,02,). The coefficient pop, € [0,1], represents the
correlation parameter of the associated link and takes values between 0 and 1. According to
Jakes’ autocorrelation model [16], it is function of the communicating nodes relative speed

v, the transmitted symbol duration T}, the carrier frequency f. and the speed of light ¢ as

. %(M;”TS) (2.2.5)



where Jo(.) is the zeroth-order Bessel function of the first kind. It is clear from (2.2.5) that,

at a certain value of the carrier frequency f., the parameter p is inversely proportional with

the relative speed v while it is directly proportional with the transmission data-rate Ry = 7%
Tables 2.1 and 2.2 shows different practical values for p as a function of the relative speed
and the transmission data-rate at carrier frequencies of f. = 1.9 GHz and f. = 5 GHz,

respectively.

Table 2.1. Different Correlation parameter values obtained using (2.2.5) for different relative
speeds in mph and transmission data rates in kbps with carrier frequency of 1.9 GHz.

speed ( mph) 10 kbps 44 kbps 64 kbps 144 kbps 1400 kbps
0 1 1 1 1 1

30 0.99968357 0.99998365 0.99999227 0.99999847 0.99999998

50 0.99802311 0.99989784 0.99995171 0.99999046 0.9999999

80 0.99494306 0.99973848 0.99987639 0.99997558 0.99999974

120 0.98863989 0.99941163 0.99972188 0.99994506 0.99999942

250 0.95116121 0.99744757 0.99879317 0.99976156 0.99999748

Table 2.2. Different Correlation parameter values obtained using (2.2.5) for different relative
speeds in mph and transmission data rates in kbps with carrier frequency of 5 GHz.

speed ( mph) 10 kbps 44 kbps 64 kbps 144 kbps 1400 kbps
0 1 1 1 1 1

30 0.99780966  0.9998868  0.9999465 0.99998943 0.99999989

50 0.9863496  0.99929263 0.99966563 0.99993395  0.9999993

80 0.9652415  0.99818963 0.99914411 0.99983091 0.99999821

120 0.922647  0.99592897 0.99807477 0.99961956 0.99999597

250 0.68579394 0.98239063 0.99165738 0.99834931 0.99998253

It should be noted that the set of the signals in (2.2.1), (2.2.2), and (2.2.3) summarizes
the operations taking place for the kth transmitted symbol from the source (z(k)). This is
because of our consideration that each fading link between any two nodes is time-selective,
and consequently, the transmitted symbol at the kth signaling period experiences its own

corresponding channel gains over the network.
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2.2.2  Channel estimation and estimation-rate concept

Because the fading links in our network are time-selective (i.e., time varying), we
assume that the relays and the destination estimation (or tracking) loops can not catch up
with their time-varying channel gains over the individual signaling periods. However, we
assume that these loops update their estimations only once every N transmitted symbols,
and therefore, they can estimate (using a pilot signal®) the fading gain over the first signaling
period of each transmitted block from the source (i.e., hap(1) ¥V a,b) as hqp(1)). We can now
mean by CSI estimation rate as how much the receivers’ tracking loops are fast enough to
catch up with the rapid time-varying channel gains. In percentage, we quantify the CSI
estimation rate as (%)100%. For example, 100% estimation rate means that the receivers
can perfectly track and estimate all of the individual adjacent channel gains (i.e., N =1). In
this chapter, we assume perfect-estimation of the fading links’ gains, therefore, we can write

~

hap(1) = hap(1) (the estimation error is negligible).

2.2.3 The amplification-gain

We consider variable amplification gains at the relays such that the instantaneous CSI
is required at each relay. As stated in [18], the amplification gain is constrained to satisfy

the following average energy constraint
(|, (K)[?) = E. (2.2.6)

Therefore, the amplification-gain at the ith relay of our time-selective fading system model,
corresponding to the kth transmitted symbol, that can satisfy the constrain in (2.2.6) can

be given by

Es
%MZVMMW&+M' (2.2.7)

IThe work in [17] is conducted in the CSI estimation over wireless relying systems.

11



It is clear that the amplification-gain in (2.2.7) requires estimating h; ;(k). However, because
the relays update their estimations only once every N transmitted symbols, the ith relay
uses the estimated channel gain h,;(1) instead of h,;(k) to compute the amplification-gain

n (2.2.7) as

2.2.
\/|h“ DFE. N, (2.28)

It is clear that the amplification-gain in (2.2.8) does not satisfy the required constraint in
(2.2.6) unless the relative speed between the source and the ith relay is zero (or the S-R;

fading link is quasi-static with ps,; = 1).

2.2.4  Regular cooperative protocol and Maximal Ratio Combining destination

In our network model, we assume that the destination employs MRC receiver, which
combines the direct-path received signal with the M orthogonal received signals forwarded
from the M relays. In addition, we assume symbol-by-symbol coherent detection process
for the resulted MRC combined signal, i.e., MRC symbol-by-symbol detection. For such a
detection process for the kth transmitted symbol z(k), it is required from the destination to
obtain estimated versions of h, (k) V a,b to be used in the MRC combining [19]. However,
because, as we assumed above, the network receivers only estimates the gains h, (1) V a, b,
the destination receiver uses these estimated gains, instead of lAza’b(k:), for the MRC detection
process of x(k). As will be shown later, this leads to sever performance degradation that

represents the impact of the nodes’ mobility (or of the time-selective fading).

2.3 Preliminary Results: Effective SNR and pdf

First, in order to mathematically show the time-selective fading impact on the desti-
nation received signals and to simplify the derivations of the effective SNRs, we derive, with

the help of (2.2.4), the following relationship between h, (k) and hg (1)

has(k) = P’;,b ap(1) +4/1— paprk ean(d) (2.3.1)

12



2.3.1 destination direct-path effective SNR

First, by substituting (2.3.1), with the s, d pair, into (2.2.1), we can expand r, 4(k),

showing the different noise terms, as

k—1
raa(k) = ot haa(Da(k) + 2y /1= 02,50 o eaai) + naalk) - (232)

Y . .
desired signal _ white noise

TV
nodes’ mobility noise

Since ng q(k) and e, 4(j) are independent ZMCSCG processes and the process e 4(j) is i.i.d,
the sum of the noise terms in (2.3.2) is also ZMCSCG and has a variance, o2, , which can

be evaluated as

k—1
0= Bl —p2,) S o2 Var{ea(j)} + Var{n.a(k)}
j=1

= (1= p2 )02 B+ N, (2.3.3)

From (2.3.2) and (2.3.3), we can obtain the direct path destination SNR, corresponding to

the kth signaling period, v, 4(k) as

k) desired signal instantaneous power | p’;;lhs,d(l)x(k)\Q
Vs.d = =

. . 2
effective noise power Octfoa

fo—
_ A hea(DPE, 25
R 3.
ps,d s,d—'s o

It should be noted that if the S-D link is quasi-static, i.e., ps4 = 1, then the nodes” mobility
noise in (2.3.2) reduces to zero. Moreover, under such special case, vsq(k) in (2.3.4) reduces
_ |hsa(DPEs

to vs,a = =25 —, which is a well know expression.
o

Because |h4(1)] is Rayleigh, v, (k) has an exponential pdf, which can be given as

Froa(7) = = (2.3.5)
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where
2(k—1
P2V BLE[|hy a(1)[?)

Toalk) = Blyea(k)] = g
‘ (=0l o2 uEs + N,

and E denotes the statistical mean operator.

2.3.2 destination end-to-end path effective SNR

We start deriving the effective SNR at the destination through the ith-relay indirect
path (or the ith end-to-end path) and corresponding to the kth transmitting symbol, vs; 4(k),

by first substituting (2.2.2) into (2.2.3) to write 7; 4(k) as
ria(k) = Gi(k)x(k)hs;(k)hi a(k) + Gi(k)hi a(k)ns: (k) + nia(k). (2.3.6)

By expanding hy;(k) and h; 4(k) as in (2.3.1) and then substituting the obtained expansions

into (2.3.6), we can expand r; 4(k) showing the desired signal and the overall noise terms as

desired signal

ria(k) = gl( )psz pzdlhsz( Vhia(L)z (k)

overall effective noise

~ ™~

+Gi(k)x (k) pky (1) \/1—,0“12;)’“ lesa(d)

+0i g hia(1) \/1—p512p'” Yeqi(j) + nia(k)
+\/1—p512p'” Yesi(j) \/l—pdep Yeialy

+Gins (k) (pFy hia(1) \/1—p2d2pk e, i(5) (2.3.7)
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Similarly, the overall effective noise term in (2.3.7) is ZMCSCG, which we can obtain its

variance, o7, as

k—1 2(k—1 k—1 2(k—1
02p == p2 o2 oV EGH ) hia(V) + (1= p}y D)o, 02 VE,

< G2(k)|hi (1) + G2(k)p}S ™V hy a(1) PN, + N, (2.3.8)

From (2.3.7), we can obtain vy, 4(k) as

1Gi(k) Pk o i a() (L) ()
02
effsid
_ (g%)sflbﬁ“1MwﬂﬂﬂMADFEQ//Ol—pﬂ“”M;ﬁf*’
X B,G2 (k) hia(V)[? + (1 — g2 )02 020V B,G2 (k) b s (1)]? + G2 (k) iy

P)/s,i,d(k) =

x|hia(1)|* N, + No). (2.3.9)

It it obvious that the SNR in (2.3.9) is instataneous (random variable) in terms of the
estimated channel gains h,;(1) and h; 4(1), and obtaining its pdf from this form is not easily
tractable. Therefor, in the following we rewrite (2.3.9) in more tractable form that helps in
obtaining its pdf in closed-form expression. By substituting the amplification-gain given by
(2.2.8) into (2.3.9), and after doing some manipulations and simplifications, we can write

Vs.i.a(k) in the following form

Vsi(k)%'d(k)
(k) = )% 2.3.10
Yoia(k) Bi(k)vsi (k) + via(k) + ¢i(k) ( )
where
” (1- ps,(i )Ug,z‘ES + N, -
2(k—1)
via(k) = Eoplhia(1)P (2.3.12)

(1= o7 o Ee+ N

15



U pri D )otaBs + (No/rrg ") 2.3.13
Bilk) = (1—p2%"Ne2 B, + N, e

o =P = gl )okiota B+ (L= i olNoB £ N
¢i(k) = 2(k—1)\ 2 2(k—1)\ o (2.3.14)
((1 - ps,i )Us,iES + NO) ((1 - pi,d )O-iydEs + No)

The SNRs v, ;(k) and ; 4(k) represent the effective SNRs of S-R; and R;-D links, respectively.
The SNR expression in (2.3.10) is novel and has not been reported in literature before. It
is function of the indirect links correlation parameters, p,; and p; 4, which are dependent on
the mobile cooperating-nodes speeds. As a special case, when the links of the ith indirect

path are quasi-static, i.e., (ps; = pi,q = 1) the expression in (2.3.10) reduces to

Vs,iVid

e (2.3.15)

Vsyi,d =
where v, = %‘Z"Q and 7,4 = %’0‘”2 The SNR in (2.3.15) is well know in literature for
dual-hop AF cooperative network over quasi-static fading links [20] and [21], and it is clear
that it is not function of the symbol position k because, in the quasi-static fading assumption,
all of the transmitted symbols experience equal channel gains over time.

Simplifying 75, 4(k) from the form in (2.3.9) to the form in (2.3.10) is intended in
order to simplify the problem of obtaining mathematically tractable closed-form expression

for its pdf. This is possible if we first propose the following upper-bound ? on v, 4(k) as

Ys,id(k) < min(vys;(k), via(k)). (2.3.16)

In this chapter, we continue our analysis based on approximating 7s; 4(k) by it upper bound
as

Vs (k) = Jupi(k) = min(ysi(k), 7i.a(k)) (2.3.17)

2This approximation has been applied in several locations in literature (see e.g., [19] and [22]) on the
end-to-end effective SNR in (2.3.15) for the quasi-static fading case.

16



which has the following exponential pdf

Frp i) (7) = _upli(k) exp(—%:i(k)) (2.3.18)

where

Vup,i(k) = (2.3.19)

2.3.3 MRC destination overall SNR

In regular cooperative protocol, all relays in the network participate in the trans-
mission process and forward their amplified signals toward the destination. The destination
combines all these signals with the direct path signal using MRC. The overall (total) effective
SNR at the output of the destination’s MRC combiner, corresponding to the kth transmitted

symbol, can be written now as

Yior (k) = Ys,a(k) + Z Ysi( (2.3.20)

By approximating v, ;4(k) as in (2.3.17), we can approximate (k) in (2.3.20) as

/Ytot(k) ~ ’Ytot,up( - ’Ys d + Z qup i (2321)

It is clear that Yot up(k) is a sum of independent exponential random variables, and by using

the moment generating function (MGF') approach, we can find its pdf f,,,, . ) (7) as

f'Ytot,up(k') (V) = Eil{M’Ytot,up(k) (8)} (2322)

where £7! denotes the Inverse Laplace Transform (ILT) and Mx(s) = Ele %] is the MGF.

Given that fact that the MGF of an exponential random variable with mean A is given as
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1 .
T We can obtain M., () as

1
M, . M, . . (2.3.23
(%) = Mosath H i) = e T (G r oty )

We can now decompose M., . (s) in (2.3.23) into its partial fraction terms as

M

M) (8) = %ﬁ,d(’f) + ZZ1 #i;l(k) (2.3.24)
where
p = M () (L4 Toa)ox = ) (232)
’ R R A Y
and

éupﬁ - M’Ytot,up(k)(s)(]'+87up,i(k>)|s:—

— Tupa (k) . (2.3.26)

Fupi(k) = Faa k) T 11y T (k) = T 5(R))

_ 1
Fup,i(k)

By substituting (2.3.24) into (2.3.22) and solving for the ILT based on the fact that L™ {7} =

L exp(=%), we can obtain f.,, .k (7) in its ultimate closed-form as

Z Eup, 16(7up l(k)>

i=1 ’yup i )

fupe(ws @) )

Freorn ) (V) = (2.3.27)

As a special case of quasi-static fading environment within the network, i.e., psq4 = ps; =
pia = 1, (2.3.27) reduces to [23, Eq. (17)]. This means that our derived pdf in (2.3.27)
generalizes what has been obtained in the literature from the quasi-static fading case to the
more general case of time-selective fading.

In the next section, we use the pdf in (2.3.27) to derive analytical closed-form general
expressions for the system per-block-average BPSK BER, outage probability, and Shannon
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capacity as well as their corresponding asymptotic limits.

2.4 System Performance Evaluation

In this section we use the pdf given by (2.3.27) to derive closed-form analytical expres-
sions for the system per-block-average BER considering BPSK transmission at the source,
outage probability, and Shannon capacity. These expressions are functions of the number of
relays (M), the CSI estimation rates at the network receivers (in terms of the block length
N), and the relative speeds among the cooperating nodes in terms of the time-selective fading

links’s correlation parameters p,; V(a,b).

2.4.1 Error probability

In this subsection, we consider BPSK transmission over the network and derive lower-
bound closed-form expression for the per-block-average BER at the output of the BPSK
demodulator that follows the MRC combiner. Since BPSK modulation scheme is considered,
the kth transmitted symbol z(k) is given as ++/E; and the conditional BER is given by
Q( 2%0t(k)) where Q(z) is the Q-function. Assuming equiprobable N symbols in the

transmitted block, the per-block-average BER can be given as
1 & 1N/ oo
Pe=n >_EQ(V2ra(R)] = N > (/0 Q(v27) Fronti () dv) : (2.4.1)

k=1 k=1

If we consider the approximated total SNR i up(k), along with its pdf in (2.3.27), in

evaluating (2.4.1) instead of the 7404 (k), we can obtain the lower-bound per-block-average
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BER as

_ 1/ [
Pe,Low = N Z (/0 Q(\/2_’y)f’ytot,up(k) (7) d’}/>

k=1
Lo~ b [
= — 2 ’Yed(k)d
N%(%,duﬁ)/o Qly)erat d
M g )
up,i Fapi
*;(vum(k)/o Qv)e 7))

Vupi (k)

(2.4.2)

The integrals in (2.4.2) were evaluated using the by-parts integration technique. In order to
analytically support our claims about the performance degradation due to the nodes mobility
(i.e., time-selective links), it is informative to derive the asymptotic BER floor, which can be
found by evaluating the limit in (2.4.2) at very high values of the per-symbol average SNR
ie., N . To simplify the evaluation of this limit we need first to write (2.4.2) in terms of Es

By substituting the expressions of 7, ,(k), 7,,(k), and 7, 4(k), from (2.3.10), (2.3.11) and

(2.3.12), respectively, into (2.4.2), and after doing some manipulations and simplifications,

we obtain?

g ﬁ(m%;w)

B Es

No—i_1 i=1 “iN_o+)‘i

0y (0)M (e + ﬁ <773N0+5J )))
Xiff_z‘{’ﬁi ,U‘f[__" —=1,j ZJN +wz]

(2.4.3)

1 N
) _ M
Pe,LOw—ﬁ;(a 1—

S

i=1

*The parameters £ and &up ; in (2.4.2) are also functions of 5, 4(k), 7, ; (k) and 7, 4(k) (see (2.3.25) and
(2.3.26).
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where

( = a+k

pi = an;— 0k

a = pU VE[|hea(1)
= 1—;0?(5_1)

2(k—1 2(k—1
e = ooy V(= )E Ry (1))
2(k—1 2(k—1
o071 = P2 )E [ hea(1) ]
k— k—
Be = P VE[h (V)] + 03 VE] hea(1))

o = 25V VBl (DPIEhea(D)), VE=1,2,- -, M.

In order to analytically support our claims about the performance degradation due to the
nodes” mobility and the constrained CSI estimation rates, it is informative to derive the

irreducible BER floor, which can be found by evaluating the limit of (2.4.3) at very high

Es

values of the per-symbol average SNR, N as

1 a «Q M ;
hm Fe,LOW = ﬁ Z(@M |:1 — Z (Z)

Es
N0

=
=
—~
&
g
1
—_
|
2|
I;I
s
[
*
N———

(2.4.4)
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2.4.2 Outage probability

For our M-relay cooperative network model, the mutual information between the
source and the destination, corresponding to the kth transmitted symbol, can be expressed

as [18]

1) = 57 1081 +20(R). (2.4.5)

The reason for the —— M =] factor in (2.4.5) is that the transmission process in a regular cooper-
ative protocol takes place in M +1 orthogonal channels or time-slots. The outage probability
for the kth transmitted symbol, say P, (k), is defined as the probability that the channel

mutual information, I(k), falls below the required rate R, which can be expressed as

Yth

Pout<k) = PT{[(k) S R} = Pr{’ytoth) < ’}/th} = 0 f%ot(k)(fy) dfy (246)

where ~,, = 2M+DE _ 1 By assuming equiprobable N symbols in the transmitted block,

we can obtain the per-block-average outage probability for our system model as

Put:% ( / Font ) (2.4.7)

By using the pdf given by (2.3.27) in evaluating (2.4.7), we can obtain the lower-bound

per-block-average outage probability as

1 N Yth
Pout,Low = N Z < f%ot,up(k) (7) d7>
0

(vsm/o i) iy all d ”)0”)

i=1 7up1

—th M —Vth
(5up (1 - emd“@) +) <5up,i (1 - eWUPvi(’”))). (2.4.8)
k=1 i=1

and then by substituting the expressions of 7, ;(k), 7, ;(k), and 7, 4(k), from (2.3.10), (2.3.11)

and (2.3.12), respectively, into (2.4.8), and after some manipulations and simplifications, we
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can write P,y 10w 10 terms of % as
’ o

E
N N ras M E,
1 Btk N + Bi
Post Low = 77 (aM (1 —e N ) [ (u]’gﬁ)
k=1 i=1 MN, g

M 1 - ;% ' in ((SZ)M(R% + 1) M 773'% + B]’
B Z —€ ’ Es + A H B .. ’
i=1 o v j ) ’

Due to the assumption of the time-selective fading, the outage probability performance also

experiences outage floor, which can be obtained as

1 & ("
J— M “a ‘ Z
Ellgloo Pout JLow — N Z(Oé <1 —¢ Oﬂh> H(_z)

No k=1

M M i M 4
_Z</€<5Z) (1 o e—(;i’)’th> | | &)) (2410)
A b e Vi
Jj=1,j#i

2.4.3 System Shannon capacity

The system Shannon capacity is an important performance measure because it gives
information about the maximum allowable transmission rate under which error free com-
munication system could be designed. In cooperative networks with regular protocol, the

average Shannon’s sense channel capacity can be expressed as [18]

B

C =
M+1

/OOO logy (1 + ) f5(7) dy (2.4.11)

where B is the channel bandwidth in Hz. The reason for the M_+1 factor is that the trans-
mission process takes place in M + 1 orthogonal frequency channels or time-slots. For our
network model, the system Shannon capacity corresponding to the kth transmitted symbol
is given as

) = 377 [ 10801+ D frn () . (2412
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Unlike the BER and the outage probability, using the pdf given by (2.3.27) in (2.4.12) leads
to the upper bound capacity. Therefore, using (2.3.27) for the pdf in (2.4.12), and then
taking the average overall the block (assuming equiprobable transmission) gives the upper

bound per-block-average capacity as follows

N
_ 1 B =
Cop = NZ_ <M+1/ 1085 (1 7)ot (7 )d7>

N
B &9 é“upend(k)
Y +1>Z(/o R S L

k=1

M
& o T )
log, (1 + 7 dy |.
t I o (F)

Sle I

(2.4.13)

By evaluating the last integrals in (2.4.13) in closed-form as in [24, Eq. (38)], we can obtain

Cyp as

— Blog2 ( ) D 1
Cw = Eupe /Vs,a(k) —
P kZ: ? 1 Ws,d(k)
- 1
+) LT E (_ )) (2.4.14)
izl P ' ’Yi,up(k)

where Ey(z) = [~ e_:t dt. Similarly, by substituting the expressions of 7, ,(k), 7.(k),

and %, 4(k), from (2.3.10), (2.3.11) and (2.3.12), respectively, into (2.4.14), and after some

manipulations and simplifications, we can write C\,;, in terms of % as
o
n%+1

_ Blogy(e) = u E = m%wi
CUP_N(M“)X; e H i+

- i(e f}ro .E1 <77”€—0 + Bi) (@)M(’{% +1) ﬁ (M)))

E
Py A \Via N, Wi

(2.4.15)
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The limit of (2.4.15) as ﬁ—i — 00 also exists and given by

Blog,(e) al £\ 1 (1
im O = — o2\ Mo il b2
i O = e 2 (7 () TG

Es
— 00 k=1

EEnEE L) o

This means that the time-selective fading also impacts the system channel capacity by a
ceiling.

All of the above derived expressions are novel and have not reported in literature
before and they are general for the network fading links temporal characteristics in terms
of their corresponding correlation parameters that are dependent on the cooperating-nodes
speeds. They are also functions of the receivers’ CSI estimation rates, in terms of the block
length N. Therefore, these expressions are useful in investigating the system performance

under the effects of different nodes mobility scenarios and CSI estimation rates.

2.5 Nodes Mobility and CSI Estimation Rates Effects

In this section, we investigate the effects of different cooperating-nodes mobility sce-
narios and CSI estimation rates on the system performance analyzed in Sec. 2.4. We provide
our results based on the obtained expressions for the lower bounds per-block-average BER
and outage probability and the upper bound per-block-average channel capacity and their

corresponding asymptotic limits.

2.5.1 Nodes mobility effects
All nodes static

From (2.2.4), when the relative speed between any two nodes in the network is zero,
i.e., the two nodes are static, the correlation parameter of their corresponding fading link is
one, and hence, this link is considered quasi-static. Therefore, in our network model, when

all of the nodes are static (zero speeds), all of the network links are considered quasi-static
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because psq = psg = pea = 1,V¢. Considering this condition in (2.4.3), (2.4.9) and (2.4.15),
we obtain the lower bound per-block-average quasi BER, the lower bound per-block-average
quasi outage probability and the upper bound per-block-average quasi channel capacity,

respectively, as follows

(2.5.1)

—i((l - e—fg‘}?) (aM ﬁ (w; )) (2.5.2)

and,
M

—auasi  Blogy(e) M ﬁ 1 Bi

Co” =T (e e e ) L

o/ =1 N

M B / (5/)M M 5’.

1Ly i i
_Z<661N0 1(5{&) v 11 (w{{))) (2.5.3)

i=1 i No b=l T

where

N = dBi =0
wi; = 68— ;5
o' = E[lhsa(1)]
B = Ellhe (1)) +E[hea(1)]%]

& = Ellhs(D)PE[|hea(D)’] ¥0=1,2,--- M.
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It should be noted that the limits of (2.5.1) and (2.5.2) as £ + — oo are zero (floor disappears),
while the limit of (2.5.3) as 113_0 — oo is infinity (ceiling disappears), as both are expected

since the nodes mobility impact is absent.
Mobile relays, static source and destination

Corollary 2.5.1. In amplify-and-forward reqular cooperative networks with direct link and
adaptive-gains at the relays employing MRC at the destination, even though the relays are
in motion, the system does not experience BER floor, outage floor or capacity ceiling as long

as both of the source and the destination are static.

Proof. When the source and the destination are static, the correlation parameter of the
direct link p; 4 equals 1. On the other hand, because of the relays mobility, the first and the
second fading hops of the ¢th indirect path are time-selective, i.e., ps¢ and p;q are < 1 V.

Considering this condition in (2.4.3), (2.4.9) and (2.4.15) reduces them, respectively, to

M

o' H( i+ B )
o' 41| s\ 4 (B — )

iN (6:)M ﬁ (m%w >))
XZN +6® 0”721% +( /Bi_5i) j=1,j#i VWN + Wi

(2.5.4)

N
k=

eLovv:21 Z( M 1—

M
(-
=1

7

1 Y - 2t
POU.t,Low = N Z((Q{/)M(l — e Oé’Nf>>
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N 1 M
. Blogg(e) < NN T Es 1 7]st + 6
Cypp = ——— (o) e” N By ||
b N(M+1);; a'fe /) i Namigs + (/i = b))
M (e Z;jj%;mE (nz'fr_f,-i‘ﬂi) (0:)™ ﬁ ( s+ B )))
N E o 1 o Bs
=1 5@16_ o/m-ﬁ—jJr( /ﬁz_(S)j:l,j#i V”N iy

(2.5.6)

Now, by taking the limits of (2.5.4) and (2.5.5) as £ — oo we obtain zero?, and the limit
of (2.5.6) as == * — 00 we obtain infinity®. This means that these three performance criteria

do not experience asymptotic limits, which completes the proof. O]

Despite that both scenarios 1 and 2 do not provide asymptotic limits, this does not
mean that they provide same results in terms of the BER, outage and capacity over all the
non-infinite SNR range because (2.5.4), (2.5.5) and (2.5.6) quantitatively differ from (2.5.1),
(2.5.2) and (2.5.3), respectively. Later in the numerical results section, we will show that
scenario 2 provides worse BER, outage and capacity performance than scenario 1 due to the

mobility of relays.
Static relays, either source or destination is mobile

Corollary 2.5.2. In amplify-and-forward reqular cooperative networks with direct link and
adaptive-gains at the relays employing MRC' at the destination, even though all the relays are
static, the system performance is severely degraded by BER floor, outage floor and capacity

ceiling as long as either the source or the destination is in motion.

Proof. This scenario is divided into two cases:
The first case is when the source node is in motion and the other nodes are static;

i.e., prg = 1 while ps 4 and ps, are < 1 V/. In this case the BER, the outage probability and

4We can also obtain same results by substituting x = 0 in (2.4.4) and (2.4.10).
®We can also obtain same result by substituting x = 0 in (2.4.16).
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the system capacity are, respectively, given by (2.4.3), (2.4.9) and (2.4.15), and their corre-
sponding limits are, respectively, given by (2.4.4), (2.4.10) and (2.4.16) with the following
modified parameters: d; = oy E[|h,¢(1)P|E[|hea(1)]?], ne
B = 72 VEllhae (D) + Ellhea(D))

(1 — p2¢ )E[|hea(1)[?), and

The second case is when the destination node is in motion and the other nodes are
static; i.e., ps¢ = 1 while p, 4 and py 4 are < 1 V. Similarly, the BER, the outage probability
and the system capacity are, respectively, given by (2.4.3), (2.4.9) and (2.4.15), and their
corresponding limits are, respectively, given by (2.4.4), (2.4.10) and (2.4.16) but with the fol-
lowing modified parameters: &, = ;4 VE[|hgo(1)PIE[|hea(1)]], 10 = (1—p7 " E[ e (1) ]
and f¢ = Eflhe (V)] + o7 VEl hea(1)]*

From the above two cases we conclude that the BER and the outage floors and the

capacity ceiling exist, which completes the proof. O]

We can conclude from the last proof that when the two hops of the network indirect
paths are symmetrical, i.e., E[|hs¢(1)[*] = E[|heq(1)]?], V¢, then either the source mobility or
the destination mobility, with same speed, provides same system performance. In addition,
the source mobility degrades the performance more than the destination mobility when the
powers of the first hop fading gains are greater than that of the second hop, i.e, E[|hs¢(1)[*] >
E[|heq(1)]?], VE. On the other hand, the destination mobility degrades the performance more
than the source mobility when the powers of the first hop fading gains are less than that of

the second hop, i.e, E[|hs (1)[*] < E[|hea(1)]?], VL.

2.5.2 Receivers’ CSI estimation rates effect

In Sec. 2.4 all of the derived expressions are functions of the transmitted block
length N. This parameter reflects the CSI estimation rate which is quantified as %100%
(as discussed in subsection 2.2.2). As we have shown above, due to the cooperating-nodes
mobility, the system performance is degraded and in some scenarios it is severely degraded by

asymptotic limits. In order to reduce these degradations, we can increase the relays and the
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destination receivers CSI estimation rates (i.e., reducing N in our analytical expressions).
It will be shown, in the numerical results section, that increasing this rate improves the
performance and reduces the asymptotic limits. The effect of 100% CSI estimation rates is

stated in the following corollary.

Corollary 2.5.3. In amplify-and-forward reqular cooperative networks with direct link and
adaptive-gains at the relays employing MRC' at the destination while nodes are in motion
(time-varying links), if all of the network receivers (the relays and the destination) have
100% CSI estimation rates, the system performance degradation in terms of BER, outage
probability and capacity, that is generated due to the nodes mobility, is completely removed

and the performance reduces to that of the all nodes static scenario.

Proof. By substituting N = 1 into the expressions given by (2.4.3), (2.4.9) and (2.4.15) and
computing their first summation, these expressions, respectively, reduce into (2.5.1), (2.5.2)

and (2.5.3), which completes the proof. O

It should be noted that 100% CSI estimation rate can be achieved in the case of
time-varying fading links by transmitting a non-informative pilot signal accompanied with
each transmitted symbol in the block (via training). However, this is not feasible because
it causes a tremendous amount of reduction in the spectral efficiency and tremendously
increased overhead. Another way to achieve that is by equipping the relays and the desti-
nation receivers by fast tracking loops (i.e., more complex receivers) that can catch up with
the rapid time-varying channel gains. The work in [25] is devoted to tracking and estimation

of time-varying fading links.

2.6  Numerical Results and Simulation

In this section, we present numerical results for the under study system per-block-

average BPSK BER, outage probability and Shannon capacity using (2.4.3), (2.4.9) and

2

S,0

(2.4.15), respectively, and verify them by exact simulation results. We consider aid =0
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=07y =1, E[|hsq(1)]’] = 1 and R = 1. In all of the plots, ff—z represents the per symbol
average SNR (in dB) where F's is the transmit energy per symbol which is assumed to be 1.

Fig. 2.2 compares between the approximate theoretical and the exact simulation re-
sults obtained for the network per-block-average BER performance. The source is mobile
while the other nodes are static. It is clear that increasing the number of relays, M, improves
the BER performance since the MRC diversity gain and the virtual antenna gain are mono-
tonically increasing functions of M. However, for any number of relays, the performance
experiences error floor at high values of SNR due to the effect of the source mobility and
the constrained CSI estimation rates of 2%. We can also notice that, as compared with the
exact simulation, the tightness of the derived lower-bound, in particular, at medium and
high SNR regions.

Fig. 2.3 shows the BER performance (using the theoretical lower bound) for M =1
and 3 under the different nodes mobility scenarios that have been discussed in subsection
2.5.1. It is obvious from this figure that when all of the nodes are static (all of the network
fading links are quasi-static), the BER performance does not experience floor because the
effect of the nodes mobility is absent. Also, when both of the source and the destination are
static, the relays mobility degrades the BER performance, as compared with the all nodes
static case, but it does not causes asymptotic error floor. On the other hand, a severe BER
performance degradation with error floor occurs when either the source or the destination is
in motion. Furthermore, the mobility of all the nodes provides the worst BER performance.

Fig. 2.4 shows that the difference between the impacts of the source and the des-
tination mobilities depends on the network symmetrical properties. It is clear that, when
the channel is symmetrical (i.e., in each indirect path, the powers of the first hop fading
gains equals that of the second hop), the impacts of the source mobility and the destination
mobility are equivalent. On the other hand, the impact of the source mobility is greater than
that of the destination mobility when the powers of the first hops fading gains are greater

than that of the second hops and the opposite is true.
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Figure 2.2. BPSK BER versus E,/N, with 2% CSI estimation rates (N = 50) for num-
ber of relays M = 1, 2 and 3. In dB: E[|h.4(1)|?] = 1, E[|hs.(1)]?] = {1.5,2.5,3.5} and
E[|hea(1)]?] = {2.5,3.5,4.5}. The Source is mobile and the other nodes are static corre-
sponding to correlation parameters of ps 4 = ps = 0.9997 and p; 4 = 1.

In Fig. 2.5, we show the effect of the receiving nodes’ CSI estimation rates on the
BER performance. Increasing this rate means increasing the abilities of the relays and the
destination receivers’ tracking loops to catch up with the rapid time-varying channel gains.
We can notice from this figure that the BER performance is improved and the severe impact
(error floor) of the cooperating-nodes high speeds is reduced by increasing the CSI estimation
rates. In addition, when the CSI estimation rates are 100%, the impact of the nodes mobility
on the BER performance vanishes and the performance is improved and matches with that
of the all static nodes case.

Fig. 2.6 compares between the approximate theoretical and the exact simulation

results obtained for the network per-block-average outage probability. It is clear that the
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Figure 2.3. BPSK lower bound BER versus F;/N, with 5% CSI estimation rates (N = 20).
In dB: E[|hsa(1)|?] = 1, E[|hs (1)*] = {1.5,2.5,3.5} and E[|h,q(1)|*] = {4.5,5.5,6.5}. The
corresponding correlation parameter is 0.9986.
lower bound is tight at medium and high SNR regions. At low values of the SNR, the outage
performance degrades with increasing M because the data transmission over the network
requires M—+1 orthogonal channels or time slots which consequently reduces the network
mutual information. However, for any number of relays, the outage performance experiences
outage floor at high values of SNR due to the effect of the source mobility and the constrained
CSI estimation rate of 2%.

Fig. 2.7 shows the outage performance under the different mobility scenarios that have
been discussed in subsection 2.5.1. When all of the nodes are static, the outage performance
does not suffer from outage floor. Also, the outage performance does not suffer from outage

floor in the case of mobile relays and static source and destination, but it is worse than that
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Figure 2.4. BPSK lower bound BER versus E;/N, with 2% CSI estimation rates (N = 50)
and M = 2. In dB: first hop=second hop: E[|hs,(1)[*] = E[lha(1)]*] = {0.5,0.8,01.2},
first hop>second hop: E[|h¢(1)*] = {4.5,5.5,6.5} and E[|hs4(1)]?] = {1.5,2.5,3.5}, second
hop>first hop: E[|hs,(1)|*] = {1.5,2.5,3.5} and E[|h,q(1)]*] = {4.5,5.5,6.5}. The corre-
sponding correlation parameter is 0.9989.

of the all static nodes case. We can also notice that, a severe outage performance degradation
occurs when either the source or the destination is in motion as compared with the above
cases.

In Fig. 2.8, we show the effect of the receiving nodes CSI estimation rates on the
outage performance. It is obvious that increasing the CSI estimation rates reduces the outage
floor that is generated from the destination mobility, and this floor is completely eliminated
by 100% CSI estimation rates. Also, it is clear that the outage performance degradation due

to the relays mobility is reduced by increasing the CSI estimation rates.

Fig. 2.9 compares between the approximate theoretical and the exact simulation
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Figure 2.5. BPSK lower bound BER versus E/N, for M = 3. In dB: E[|h,4(1)]?] = 1,
E[|hse(1)]*] = {4.5,5.5,6.5} and E[|he4(1)|?] = {1.5,2.5,3.5}. The corresponding correlation

parameter is 0.9969..
results obtained for the network per-block-average normalized capacity (C'/B) where the
tightness of the derived upper bound is clear at medium and high per-symbol average SNR
values. The reason for capacity decreasing with increasing M is the M + 1 orthogonal
frequency channels or time slots that are required for data transmission from the source to
the destination through the network. Due to the source speed of 20 mph and the low CSI
estimation rates of 2%, the normalized capacity cannot exceed a certain capacity ceiling.

In Fig. 2.10 we show the difference between the impact of the destination mobility and
the relays mobility on the capacity performance. It is clear that when both the destination
and the source are static, the capacity performance does not experience capacity ceiling even

though all of the relays are in motion. It is also obvious that the mobility of the destination
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Figure 2.6. Outage probability versus Es/N, with 2% CSI estimation rates (N = 50). In dB:
E[|hsa(1)?] =1, E[|hs(1)]?] = {2.5,3.5} and E[|hy4(1)|?] = {3.5,4.5}. The Source is mobile
and the other nodes are static corresponding to correlation parameters of p; 4 = ps, = 0.9997
and p; 4 = 1.
severely degrades the capacity performance by a ceiling particulary at relatively high speed
(e.g. 75 mph as compared with 10 mph).

In Fig. 2.11 we show the effect of the CSI estimation rates on the system capacity
performance. We can notice from this figure that by increasing the CSI estimation rates, the
capacity performance is also improved and the capacity ceiling, due to the source mobility,

reduces. Furthermore, 100 % CSI estimation rates completely eliminates the capacity ceiling

and improves the capacity performance to be as similar as that of the all nodes static case.
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Figure 2.7. Theoretical lower bound outage probability versus Fy/N, with M = 2 and 2%
CSI estimation rate. In dB: E[|h,4(1)[*] = 1, E[|hs (1)]?] = {1.5,2.5} and E[|h,(1)]*] =
{4.5,5.5}. The corresponding correlation parameter is 0.9980.

2.7 Conclusion

In this chapter, we have considered a multiple-relay amplify-and-forward coopera-
tive network over time-selective (due to nodes’ mobility) Rayleigh fading links with MRC
diversity and analyzed its performance by deriving closed-form expressions for the per-block-
average of the BER, the outage probability and the system Shannon capacity. The first-order
autoregressive process (AR1) has been used to model the fading link between any two nodes
in the network. The derived expressions are general functions of both the cooperating-nodes
speeds, in terms of the links correlation parameters, and the receivers’ tracking loops CSI
estimation rates, in terms of the transmitted block length. Due to the nodes mobility the sys-

tem performance degraded and experiences asymptotic limits which have been also derived.
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Figure 2.8. Theoretical lower bound outage probability versus E;/N, with M = 2. In dB:
El|hsa(1)!] = 1, E[|hse(1)]?] = {1.5,2.5} and E[|hs,(1)]?] = {4.5,5.5}. The corresponding
correlation parameter is 0.9980.

As a special case, when all of the cooperating-nodes are static, these expressions reduce to
their correspondences in the quasi-static fading links case and hence the asymptotic limits
are absent. Moreover, the effects of different nodes mobility scenarios on the system perfor-
mance have been analytically investigated and novel useful observations have been obtained.
For example, the mobility of the relays degrades the performance with no asymptotic limits
if both the source and the destination are static, but the mobility of either the source or
the destination severely impacts the performance with asymptotic limits no matter what the
relays mobility situations are. We also have shown that the difference between the impacts of
the source and the destination mobilities depends on the network power symmetrical proper-

ties. In addition, the scenario of equipping the receivers with fast tracking loops feature has
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Figure 2.9. Average upper bound normalized capacity versus E,/N, with 2% CSI estima-
tion rates (N = 50). In dB: E[|hsq(1)|]?] = 1, E[|hse(1)]?] = {2.5,3.5} and E[|h,q(1)*] =
{3.5,4.5}. The Source is mobile and the other nodes are static corresponding to correlation
parameters of ps 4 = psy = 0.9997 and p; 4 = 1..

been assumed where such assumption clearly improves the system performance and reduces
the asymptotic limits. In 100% CSI estimation rates case, the system performance reduces
to that of the quasi-static fading case whatever the cooperating-nodes situation either mo-
bile or static. Comprehensive numerical results have been presented to show the system
performance and demonstrate how it is affected by the analyzed scenarios of nodes mobility
and CSI estimation rates. We also have provided Monte-Carlo computer simulation results

to verify the accuracy of the analytical results.
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Figure 2.10. Theoretical upper bound average normalized capacity versus Es/N, with M = 2
and 2% CSI estimation rates. In dB: E[|h, 4(1)|?] = 1, E[|hs(1)]?] = {2, 3} and E[|heq(1)|?] =
{4,2}. Correlation parameter of 0.9999 for 10 mph speed and 0.9990 for 75 mph speed.
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CHAPTER 3

Regular M-Relay Variable-Gain AF Cooperative Systems with Mobile Nodes and

Imperfect CSI Estimation: SNR Derivation and Performance Analysis

3.1 Chapter Overview

Similarly as in chapter 1, we consider in this chapter a multiple-relay amplify-and-
forward wireless cooperative system with mobile nodes (i.e., time-selective fading), regular
protocol and MRC destination but, unlike chapter 1, we consider imperfect channel es-
timation at the relays and the destination receivers. By this we add additional realistic
assumption along with that of nodes” mobility. For such a system model and assumptions,
we first derive novel exact closed-form expressions for the destination’s direct-path and end-
to-end instantaneous signal-to-noise ratios (SNRs) along with their pdfs. These SNRs are
function of the links’ correlation parameters and the estimation errors variances. After that,
we obtain closed-form expression for the pdf of the total effective SNR at the destination’s
MRC output. This pdf generalizes the one derived in chapter 1 for the case of perfect channel
estimation. In this chapter, we also derive closed-form tight approximate expressions for the
system per-block-average BPSK BER, outage probability, and Shannon capacity, which also
generalize the ones derived in chapter 1 for the perfect channel estimation case. Finally, we

provide numerical results for these derived expressions along with their exact simulation.

3.2 System and Channel Model

In this chapter, we consider the same system and channel model and assumptions as
in chapter 1 but we assume here that the estimation error at the network receivers (the relays

and the destination) is significant, i.e., imperfect channel estimation is assumed. Therefore,
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the estimated channel gain over the first signaling period ﬁa’b(l) is related to the actual one

ha,b(1) as follows

~

hap(1) = hap(1) + he, (1) (3.2.1)

where he, (1) is the estimation error, which is assumed to be ZMCSCG with variance o7
e., ~ CN (O,Ufab). In addition, we consider in this chapter that the ith relay computes
the amplification gain that satisfies the power constraint described in (2.2.6). Therefore, we

consider the following amplification gain at the ith relay

Gi(k) = \/S(hs,i(k))Es N (3.2.2)

It should be noted that the gain in (3.2.2) is assumed to require from the relays to estimate

the average power of the channel gains over the individual signaling periods.

3.3 Preliminary Results: Effective SNR and pdf

First, by substituting (3.2.1) into (2.3.1), we can write a relationship between the
actual channel gain over the kth signaling period h, (k) and the estimated one over the first

signaling period }Almb(l) as

N

" he k})

ha7b<k) = pablhab( \/ 1_pabzpk - 1eab +pab hﬁab( ) (331)
——

- a,b(
ha,b(k)

where h,,(k) is estimated version of hy (k) and he,,(k) is its estimation error. In the next

section we use the relationship in (3.3.1) to expand the destination to mathematically show

the nodes-mobility (or the time-selective fading) and the imperfect-CSI estimation impacts

on the destination received signals and SNRs.
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3.3.1 destination direct-path effective SNR

First, with the help of (3.3.1), we can expand the received signal at the destination
through the direct path, 7, 4(k), given in ((2.2.1)), showing the desired signal terms and the
noise terms generated from the time-selective fading, imperfect-CSI estimation and additive

white noise, as

time-selective fading noise

N estimation error noise

1/1_psdzp o) (k) + 25 e, (D)

rs’d(k) - ps;llﬁ&d(l)x(k) + white noise (332)
N : v. 7 /\
desired signal + ns,d<k)

TV
overall effective noise

Because €4(j), he, ,(1) and n, 4(k) are independent ZMCSCG processes, the overall effective

noise term in (3.3.2) has a variance of

oy = (1= ply 02 By + o2y Vo2 B+ N, (3.3.3)

From (3.3.2), we can write the direct-path effective SNR in case of imperfect-estimation,

Vsa(k), as

~17 fo— ~

1P hsa(D(k)? pad Nhsa(DPEs i

Vs,d( )_ 21111 - (k‘ 1) (k‘ ) 5 . ( L. )
effad ((]‘_psd ) sd+ps O-e d)ES+NO

Because |h,4(1)| is Rayleigh, v (k) in (3.3.4) has an exponential pdf, which can be

given as
Fumgo(7) = = exp (=) (33.5)
1m k _— —im —im . .
nsal®) (k) 7 (k)
where
T (k) = B (h) i L
Y Vs. ’
‘ ‘ (1= 2502, + 2 Va2 VB, + N,
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3.3.2 destination end-to-end path effective SNR

In order to derive the end-to-end effective SNR in the case of imperfect estimation,
say 7% 4(k), we first expand hy;(k) and h; (k) as in (3.3.1) and then substitute the obtained

expansions into (2.3.6) to expand r; 4(k) as

desired signal

ralk) = G P hon( Do)

overall eﬂectlve noise

la ~N

+gl( ) ( IOSlth'L \/1_Iozdzpzd; e’Ld +h€ d( )) +pzd1hld( )

\/1_pszzpkj 1651 +h‘651( )) \/1—,0leka 1€zd
+he, (1) (1/1 —pszzpk T heqi(§) + he,, (1)) + Gilk)ng s (k) (pF g haa(1)
/1= 2y Z P ena(G)he, (1)) + nialk). (3.3.6)
j=1

The effective noise term in (3.3.6) is a also ZMCSCG process, which we can obtain its

. 2im
variance Ueffs,i,d as

3;;5“1 - ((1_p§(zk 1)>051E +ps(’bk 1)0-2 E +N)pf?(dk 1 z2<k)|illvd(1)|2

—i—((l—pi(dk_l)) dE + Q(k 1)0_2 E) 2(k: 1g2( )|Hs’i<1)‘2

€i.d

N, + (1= P2 o2 (1= oy Vo2 B+ Bl Vo2 )G (k)

€i,d

+(1 = NI V0? 02 BGHK) + o2 Vo i Ve
XEG2 (k) + (1= pisy )02 NoG2 (k) + piy Vo2, NoG2 (k). (3.3.7)

From (3.3.6), we can obtain v7 (k) as

- Gi(k)pky ok hia(D b s(1)a ()|
%zd(k) = } - 52 | ' (3:38)
effszd
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In order to write the SNR in (3.3.8) in more tractable form that helps in evaluating its pdf,
we need first to evaluate the amplification gain described in (3.2.2). Because we assume

imperfect estimation in this chapter, the gain in (3.2.2) can be rewritten as

Qim(k)z\/ — b (3.3.9)

With the help of (3.3.1), we can write hy;(k) = p];;lﬁs,i(l) +4/1— p?lZf llpflj Yewi(h),

and thus, its energy E(fbsz(k‘)) can be given as

E(hei(k)) = P2V Ve (D)2 + (1 — p2¢ a2 (3.3.10)

S,i R

By substituting now (3.3.10) into (3.3.9), we can obtain G™(k) in its ultimate form as

) E
G (k) = o
(2 Vb (D2 + (1= p2¢ a2, E + N,

(3.3.11)

Now, by substituting (3.3.11) for the amplification gain in (3.3.8), and after doing some

manipulations and simplifications, we can write W;I’?’d(k) in the following intended ultimate

form
Voralk) = viﬁ(k; jgﬁr);(l?)(i)wk) (3.3.12)
where
() = Q@TJU%ﬁ”
(1= psy o2+ poy Vo2 JEs+ N,
and

’}/im(k)> _ Eszd )|h ( )‘2
i,d - k—1 2(k—
((]‘_pz(d )) zd+p ( l)agid)ES_'_NO
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are the effective SNRs of S-R; and R;-D links, respectively, and

_ _ _ N, _
Ui(k) = (1 — p28 o2 B2 (1 — 0 oty + 00y Vo2 + 220+ (1 —pl )

7 S,1 S €i.d
) ) T E
’ S

xoidEs(pZ(kﬂ)gZ E5+N0) +P2('k71)03ﬂpi§f71)02 EQ*’P?,(dkil)UQ E.N,

8,1 €s,i 5,1 €i,d S €i,d

+N2) /(1= o250 B+ Ny + 2 V02 [E) (1= piy™)oaE+ N,

S5 €s,i

oGV B)). (3.3.13)

€i,d

As a special case of quasi-static fading (p,, = 1 V(a,b)) and perfect channel estimation
(02, =02, =0), the effective end-to-end SNR in (3.3.12) also reduces to (2.3.15).
The cdf and the pdf of 47 ;(k), in (3.3.12), can be evaluated in exact form, with the

help of [26], respectively, as
: Tei(k) +7ia(k) 72+ Wi(k)y
Fim 7) = 1=2(7") (k) exp | — ey —— v —im [ L\ ~im
oinaw(r) = 1= 2077)ek) T k) TR

7%+ Wy(k)y
« K, (2 W) (3.3.14)

and

2 Tai (k) + 7ia(k) 2y + Wy (k)
Frim () = Sy P | = | Simpym A

sz(k) %,i(k)%,d(k) %,d(k)
o (o [P TR (T + TR \/(vuwi(k)mz};(m
T\ Ak T(R) T (k)7 (k) Tia(k)
2+ Wi(k)y
K, (2 W)} (3.3.15)

where K, (k) is the nth order modified bessel function of the second kind, 71} (k) = E[1% (k)]
and 7;“(}(/{) = E[nyg(k)] In order to simplify the following analysis, we propose to approx-

imate (as similar as the approximation we have considered in (2.3.17)) 7% ;(k) in (3.3.12)
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as

v (k) = A4 (k) = min(y% (k), 1% (k) (3.3.16)

which we obtain its pdf as

1 gl
f im (")/) = = N exp(—_im ) (3317)
’Yupyl(k) up,i(k) P)/up,i(k“)
where
. ~im k ~im k

(7‘5“;(16) + Vi”é(k)) '
In the following we continue our analysis based on this approximation, which, as will be
shown later in the numerical results section, helps in obtaining tight closed-form system

performance expressions.

3.3.3 MRC destination Overall SNR

Because the destination combines all received signals through the direct and the
end-to-end paths via MRC, we can write the effective SNR at the MRC output in case of

imperfect-estimation as

,Yéot( = ,YSd + szzd (3319)

If we consider now the approximation of 4 ;(k) as in (3.3.16), we can approximate {5 (k)

n (3.3.19) as

Y (k) = g up (k) = 725 (k) + Z i (k (3.3.20)

By following same MGF method we have followed to obtain the pdf in (2.3.27), we can
obtain the pdf of 5% (k) in (3.3.20) as

1m6< g;(’C)> ( 3};1<k)>
() = =T +Z “‘“_lm (3.3.21)

s,d i—=1 fyupl )

f’yé

ot up
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where

. (T (k)™
= — 3.3.22
1, (3 (k) — 7 (k) (8322)
and
—im M
Eupi = (up (1) (3.3.23)

~im ~im M ~im ~im '
(f}/up,i(k) - Pys,d(k» Hi:l,i;ﬁj (’yup,i(k) - Fyup,j(k))
In case of perfect estimation assumption, the pdf in (3.3.21) reduces to the one in (2.3.27).

3.4  System Performance Evaluation

In this section we use the pdf in (3.3.21) to derive closed-form expressions for the per-
block-average BPSK BER, outage probability and Shannon capacity of the system model
described in Sec 3.2. These obtained expressions generalize the ones derived in chapter 1 for

the case of perfect-estimation.

3.4.1 Error probability

By using the pdf given by (3.3.21) in evaluating (2.4.1), and solving the integration
by parts and then doing some manipulation and simplifications, we obtain closed-form ex-
pression for the lower bound per-block-average BPSK BER, of our system model in case of

error estimation, in terms of f]— as
o
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where

= a+~k

= Oéﬁi—gm
= af; —0;
= 77’L'+gz

= 0 — 051
= 0.0, 0,0,

P2 o TV b (D) PE hea(D)), VE=1,2,- -, M.

Similarly as the BER in (2.4.3), the BER in (3.4.1) also experiences asymptotic floor, which

can be given as

. 1 ~1 M .
lim Plpp, = 5 Z(&M [1 - %] H<
=1

N oo 2 k=1
M = ~ M~
—Z(H(&)M{l— ﬁ] 11 m))
i1 i Xi o1 i Vi j

(3.4.2)

It is worthwhile to mention that this floor is not only due to the assumption of time-selective

fading within the network but also due to that of imperfect channel estimation at the network

receivers.
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3.4.2 Outage probability

By using the pdf given by (3.3.21) in evaluating (2.4.7), and after doing some manip-
ulation and simplifications, we can obtain closed-form expression for the system per-block-

average outage probability in the case of imperfect-estimation as

. 1 N Vth
out,Low — N ( 0 f’yimY (k) (7) d7>

k=1
mfs 11 - ~
S S G (Rt 2[5
N =1 i=1 /jiff_z_'_)\’i

~ Bs 3
i N5 i

~ B Y o BEs
By M g Vi N, Wi

(3.4.3)

which is also suffers from floor, as a result of the time-selective fading and the imperfect-

estimation, that can be given as

3.4.3 System Shannon capacity

By using the pdf given by (3.3.21) in evaluating the first line in (2.4.13), and per-

forming some manipulation and simplifications, we can obtain closed-form expression the



upper-bound per-block-average capacity in the case of imperfect-estimation as

: 1 < B [
= w2 (e [ o+ w0 )
N REs +1 .
Blng(e) Z(&M ;VJ%; E1< )H(TIZN +6z>

M, TiREHB M M B, |7
_Z<e 5 = El(m];;_ﬁl)( i) ("{N +1) H <~n]g:+€J )))
; i
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(3.4.5)

The capacity in (3.4.5) is limited by a ceiling as a result of both time-selective fading and

imperfect-estimation, which can be given as

Blog,(e) N =
lim O = — 52200 > (aMesE
EJELO N(M +1) & (O‘ c 1(

FEEE) AE) o

3.5 Numerical Results and Simulation

Fig. 3.1 is a plot for the theoretical lower-bound BPSK BER performance of the
system model described in Sec. 3.2 (using (3.4.1)) along with the exact simulation. The
plotted error floors in this figure are using (3.4.2). The tightness of the lower-bound is
obvious, in particular, at medium and high average SNR regions. It is also clear that the
BER performance experiences error floor due to the source mobility along with constrained
CSI estimation rates of 2% (N = 50). In case of imperfect channel estimation, the error
floor increases, which means further performance degradation.

In Fig. 3.2, we plot the exact simulation outage probability for the system model
under study along with the theoretical lower-bound outage expression given by (3.4.3) and
the outage floor expression given by (3.4.4). Similarly, this figure shows that the outage

performance is degraded due to nodes mobility, imperfect estimation and low CSI estimation
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. IndB: E[|hs (1))%] = {1.5,2.5,3.5}, E[|hea(1)]*] ={2.5,3.5,4.5}. N=50.
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Figure 3.1. BPSK BER versus E;/N, with 2% CSI estimation rates (N = 50) and M =1, 2
and 3. In dB: E[|hsq(1)|*] = 1, E[|hse(1)]*] = {1.5,2.5,3.5} and E[|h,q(1)]*] = {2.5,3.5,4.5}.
The Source is mobile and the other nodes are static corresponding to correlation parameters

of psa = pse = 0.9997 and p;q = 1. In case of imperfect channel estimation: Jfab =
0.02 Y(a,b).

rate of N = 30. Moreover, in case of quasi-static fading (all nodes are static), the outage
floor is removed as long as the estimation is perfect.

Fig. 3.3 is a plot for the system normalized Shannon capacity expression given by
(3.4.5), verified via exact simulation, and the capacity ceiling expression given by (3.4.6)
for 1% CSI imperfect estimation rate (N = 100). First, we can notice the tightness of
the theoretical derived expressions as compared with the exact simulation. In addition, for

higher nodes mobility the capacity ceiling decreases.
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In dB: E[|hy (1))%] ={1.5,2.5,3.5}, E[|hq(1)]%] ={2.5,3.5,4.5}, N=30 and M =2

—+— Exact simualtion
—4A— Theory, M=1 and 2
— — — Outage floors

per-block—average outage probability

-5 0 5 10 15 20 25 30 35 40 45
E,/N, (dB)

Figure 3.2. Per-block-average outage probability versus E,/N, with and N = 30 and M =1
and 2. In dB: E[|hs4(1)]?] = 1, E[|hse(1)|?] = {1.5,2.5} and E[|hs,(1)|?] = {2.5,3.5}. Th
corresponding correlation parameter is 0.9990. In case of imperfect estimation: aga =

0.03 V(a, b).

3.6 Conclusion

In this chapter, we have analyzed the performance of M-relay AF cooperative network
taking into account the impacts of the nodes mobility, the estimation errors, and the speed of
the receivers’ tracking loops. We have derived exact expressions for the destination’s SNRs,
through the direct and the end-to-end paths, and approximate expressions for the system
average BER, outage probability, and capacity. The derived expressions are general, which
are valid for mobile and static nodes, imperfect and perfect channel estimations, and slow
and fast receiver’s tracking loops. Numerical and simulation results have been presented to

show the system performance and demonstrate how it is affected by the different scenarios
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In dB: E[|hy, (1)%] ={1.5,2.5,3.5}, E[|hwa(1)]*] ={2.5,3.5,4.5}.
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6l —A— Theory, M =1
+—0O— " Theory, M =2
~[~ Theory, M=3 | 10 mph-
— — — Capacity ceilings || 4

()]

N

w

N

[N BN

per—block—-average normalized cpacity

-_—

60

Figure 3.3. Per-block-average upper-bound normalized capacity versus E/N, with N = 100

and M =1, 2 and 3. In dB: E[|hs4(1)*] = 1, E[|hs(1)]?] = {1.5,2.5,3.5} and E[|hs,(1)|?]

{2.5,3.5,4.5}. Tmperfect estimation with o? , = 0.01 ¥(a,b).

of nodes mobility and channel estimation rates.
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CHAPTER 4

Best-Relay-Selection M-Relay Variable-Gain AF Cooperative Systems with Mobile Nodes

and Imperfect CSI Estimation: SNR Derivation and Performance Analysis

4.1 Chapter Overview

In this chapter, we consider the variable-gain M-relay amplify-and-forward (AF)
cooperative system with best-relay-selection protocol, in which the relay (the best) that
achieves the highest effective signal-to-noise-ratio (SNR) at the destination only retransmits
to the destination, and investigate its performance under the impacts of the nodes” mobility
and the channel estimation error. Specifically, we derive approximate closed-form expression
for the pdf of the total effective SNR at the output of the destination’s MRC combiner.
Starting from this pdf, we derive closed-form tight approximate expressions for this system
per-block-average BER, outage probability, and Shannon capacity. Our analysis reveals that
due to the cooperating-nodes mobility and error estimation, the best-relay-selection coopera-
tive system performance is severely degraded and experiences asymptotic limits. In addition,
as compared with the regular cooperative system, we found that the best-relay-selection pro-
tocol provides higher asymptotic error floors. We finally provide simulation and numerical

results to verify the accuracy of the derived analytical expressions.

4.2 System and Channel Model

Here, we consider the same system model as in chapter 2 but, instead of employing the
regular cooperative protocol, we employ the best-relay-selection one [27]. In this protocol,
the destination selects the signal from the relay that achieved the highest effective SNR and

combine it with the direct-path signal via MRC (see Fig. 4.1).
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Figure 4.1. System model: M-relay best-relay-selection amplify-and-forward wireless coop-
erative system with time-selective fading channels.

4.3 Total SNR Derivation and Probability Density Function

In the best-relay-selection protocol, the MRC receiver at the destination combines
the received signal through the direct-path with the signal from the relay the achieves the
highest effective SNR, at the destination. Therefore, under this protocol along with the
assumption of imperfect channel estimation at the network receivers, the total effective SNR
at the output of the MRC combiner corresponding to the kth signaling period, say v (k),

can be expressed as [28]

Vit (k) = (k) + Ymax (k) (4.3.1)
where
Vmax(k‘) = mflx(’y‘;rle,d(k)) (432)
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The SNRs ~%(k) and ~% 4(k) are given in (3.3.4) and (3.3.12), respectively. If we sub-
stitute for v 4(k) in (4.3.2) by its approximation (k) as described in (3.3.16), we can

approximate 4™ (k) in (4.3.1) as

Yot (k) = Vit (k) = Y (k) + Ymasxup (k) (4.3.3)
where
Ymax,up (k) = miax(’yligi(k)). (4.3.4)

In this chapter we continue our analysis based on the approximated total SNR ™ burp(k:)

instead of 7™ (k), which we need now to find closed-form expression for its pdf, say
fwlm br (k)( 7). To accomplish this purpose, in the following we use the MGF method. First,
tot,up

the MGF of 4" (k) can be given as

Ytot ,up

M ég;?fp(k)(s) = M’Y;‘(‘i(k) (S)M’Ymax,up(k)(s) (435)
where
1

M iw gy (8) = ——— 4.3.6
’Ys,d(k)( ) 1 _}_7211111(]{;) ( )

and M, )(s) is the MGF of Yyax,up(k), which can be obtained as
M'Ymax,up(k)(s) = / eis’yf'\/max,up(k) (7) dfy (437>

0

where f . (7) is the pdf of Ymaxup(k), which can be obtained as

d
f'ymax,up(k) (’Y) = @(Pr{f}’max,up( < 7} H Pr{fyupl < 7})

M

d Y
= I | P @), (438)
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By substituting (3.3.17) into (4.3.8) and evaluating the integration, we can obtain the pdf

f’Yn)ax,up(k) (fy) as

d 1 -
Srmaca®) (V) = d_y(H(l ) (4.3.9)
=1

and after doing some manipulations it can be written as

M M—i+1 M—i+2
_ E H—l 2 E E
f’Ymax,up(k) (’7) -
=1 l1=1 flo=t1+1 li=0;_1+1

: 'Ys,ej(k) + 7, a(k)
’ (’CHP (‘%;?zjwmmd(k)(k)))

(4.3.10)

where
Z ;m _I_ lm k
k=Y"" en Zz k) (4.3.11)
7se ’Ye d(k)

j=1
By substituting (4.3.10) into (4.3.7) and evaluating the integration, we can obtain the MGF

M'Ymax,up (k) (8) as

M M—i+1 M—i+2
THNRIEES DRI o SIS oill (L REED
=1 l1=1 lo=t1+1 li=l; _1+1

By substituting now (4.3.6) and (4.3.12) into (4.3.5), we obtain M_in.ur o (s) as

tot,up

M M—i+1 M—i+2 % K
Mzt (®) = 20 > 5 N, Iy </c+s)'

1=1 l1=1 lo=l1+1 bi=l; _1+1 'm(k)

(4.3.13)
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Now, by finding the inverse Laplace Transform of (4.3.13), using the partial fractions method,

we obtain f imbr () in its ultimate form as
tot ,up

M—i+1 M—i+2

)i+t Z Z Z ( o0 (eicv_e_vé‘?gw))

i=1 l1=1 flo=t1+1 bi=t;_1+1

M:

1m br
tot up

(4.3.14)

As a special case of quasi-static fading (p,, = 1 V(a,b)) and perfect channel estimation
(agayb = 0 V(a, b)), the best-relay-selection case pdf in (4.3.14) reduces to [28, Eq. (16)].

In the next section, we the pdf in (4.3.14) to analyze the performance of our AF wire-
less cooperative system with best-relay-selection protocol and imperfect channel estimation.
This analysis is in terms of the per-block-average lower-bound BPSK BER, lower-bound

outage probability and upper-bound Shannon capacity.

4.4 System Performance Evaluation
4.4.1 Error probability

By assuming equiprobable N symbols in the transmitted block with BPSK modula-
tion and using the pdf given by (4.3.14), we can obtain the lower-bound per-block-average
BER at the output of the MRC combiner for the best-relay-selection protocol with imperfect-

estimation as

—=im,br 1 N o
Pe,Low = N}CZ 0 Q ))fyég‘tzrp(k)(’y))
=1
1 N , M M—i+1 M—i+2
SO UETED S S (—_m(@
k=1 i=1 l1=1 lo=l1+1 li=l;_1+1

| ety - /f@( ) dv)))

(4.4.1)
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By solving the last two integrals in (4.4.1) by parts technique and after doing some ma-

nipulations and simplification, we can obtain P in its ultimate form in terms of f,—

eLow
as
N M M—i+1 M—i+2 M
—im,br . 1 1 i+l 1
e,Low 9 § :E :(_ ) § E e +)\e
, No
j No
o By N Xe; v+
Fsdse 41 As,dN, 2uj=1 ", Ls
S, No ZJ o
x E Xe; B2+ + E Xe; B2+
e s ? Jj No J o Ls i No
Ks,d7, +1 As,d 7, Z]_l oy L= Ks,d N +1 As.d N Z] 1 g, B
J No J No
. ES
Ys.d7y,
9 N, 1) (1.4.2)
(as,d + "is,d)m +
where

Xe; = QspRea+ G aksg;
>\Z]' - ds,fj + dfj,d
We; = Q005
.. 2(k—1)
Gap = Py Ellhap(1)]]
.. . 2(k—1) 2(k—1) 2 o
Kap = (L—p,, ')o ab+pa ey Vl=1,2,---, M. (4.4.3)

As a result of the nodes” mobility (or the time-selective fading within the network) and the
imperfect channel estimation, the BER performance of the best-relay-selection protocol also

degraded at high ff_o values and suffers from irreducible floor, which is given by

1 N M M—i+1 M—i+2 i

Himbr 1+1 s,d

lim P, = o E g E E E %

Bs _, 2N o Zl Xe;

No k=1 i=1 l1=1 (lo=l1+1 L=l _1+1 K A Msd 2 L j—1 .
J

.. i Xe;
g S S i S
; e 4.
1+Zj=1j anZ] 1(,,)@ OéSd—i_HSd
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It is worthwhile to mention that in the literature (e.g. [28]), it has been shown that the best-
relay-selection protocol provides better BER performance over the regular protocol over
the entire range of ]]f,—o However, this is no longer valid under the nodes’ mobility and the
imperfect-CSI impacts. As will be shown later in the numerical results section, the error floor
in (4.4.4) has larger values than that in (3.4.2), which means that the best-relay-selection
protocol provides worse BER performance than that of the regular protocol at the high

f Ls

values of &= under our system model assumptions.
o

4.4.2 Outage probability

For our M-relay cooperative network model with best-relay-selection protocol, the
mutual information between the source and the destination, corresponding to the kth trans-

mitted symbol, can be expressed as [28, Eq. (17)]
]' 1m, br
17(K) = L logy(1+ 9 (8)). (1.45)

Unlike the factor 57+ in the mutual information expression given by (2.4.5), the reason for

+1
the £ factor in (4.4.5) is that the transmission process in the best-relay-selection cooperative
protocol takes place in 2 orthogonal channels or time-slots; one for the direct-path transmis-
sion and the other for the indirect-path transmission through the best relay. We can now
write the outage probability for the best-relay-selection protocol corresponding to the kth
(k), as

transmitted symbol, P(l’lft

%h

Poi” (k) = Pr{I”(k) < B} = Privg”(h) <wi} = | Lmergy() dy - (44.6)

out Vet

where y5F = 222 — 1 and R is the required rate. By assuming equiprobable N symbols in the

transmitted block and using the pdf in (4.3.14), we can obtain the lower-bound per-block-
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average outage probability for the best-relay-selection protocol as

im,br 1 ~ ’yth
Pouty,Low = N 0 f ég]t ll’lrp ( ) dfy

k=1
1 N <M M—i+1 M—i+2 M
-y Y Y (e
Nk::l i=1 (=1 flo=l1+1 0=0;_ 1_K:75d( )
73{ ’yth —
(e dv)))
0 0
M—i+1 M—i+2 M

N M
= 22 DTy Y Z <T(k)
k=1 i=1 l(1=1 lo=l1+1 _1+1

br
Tth

— KA A (k)
x(elct S )) (4.4.7)
7 (k)

After doing some manipulations and simplification, we can write (4.4.7) explicitly as a func-

; Es
tion of No as

i
—
~

I
—
~
=

|
—
o~
i
~
A
+
=
~
1
~
&

|
—
+
—

Es
E Xe. N +Ae
Rsdns 1= Gsayd B
j=1 %j No
7 S S
E Xe; Ny tAe Rs,d > +1
Csdny 20 g, B exp(—%h G 15
=1 J No o
+ - ) (4.4.8)
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The limit of P™ lirow L= — 00 also exists and given by

M—i+1 M—i+2

1 N M
. imbr 7,+1
lim Poto =52 2 (D™ > > oy
oo
No k=1 i=1 =1 la=l1+1 li=l;_1+1

eXp( %hZ ]) ozst G eXp(— Zj)
X <1 — "%s,d + =l )

E|><:
€|><:

(4.4.9)

which means that the outage performance of the best-relay-selection cooperative system
also degrades at hlgh * values when the fading links are time-selective and the estimation

processes are imperfect.

4.4.3 Shannon Capacity

The system shannon capacity of cooperative networks with best-relay-selection pro-

tocol can be described as [29]

—br

" =5 [ torll +al) (4.4.10)
where B is the channel bandwidth in Hz and v is the total effective SNR at the destina-
tion. Similarly as (4.4.5), the factor 1 in (4.4.10) is due to the two channels (or time-slots)
required for data transmission in the best-relay-selection protocol. For our time-selective

fading network model, the system Shannon capacity in case of imperfect-estimation and

best-relay-selection, corresponding to the kth transmitted symbol, can be given as

Ytot

— B [
Ck) = 5 [ om0+ 55 gy (1) (1.4.11)
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If we use now the pdf given by (4.3.14) in (4.4.11) and assume equiprobable symbols in the

transmitted block, we can obtain upper-bound per-block-average system capacity as

N
—im,br 1 o
Cup = N Z ( / logy(1 + ’Y)fvif;f;;(k) (7) d7>
M—i+1 M—i+2

Sty S o Y (e

=1 =1 l1=1 lo=F1+1 li=0; _1+1

(/ logy (1 +7)e ™ dy — / log,(1 + ’y)e_ﬁisr»ril(k) d’y)). (4.4.12)
0 0

—_

k=
B
2N

Mz

Ead

By evaluating the last integrals in (4.4.12) in closed-form as in [24, Eq. (38)] and doing some

. . . . . . —imbr . . .
manipulations and simplification, we can obtain €', in its ultimate closed-form expression

as

M—i+1 M—i+2

N M Ve, 2 + )
Ul?br_BlO& ZZ(_ H—l Z Z Z (exp(zm_{v"—;)\@>

k=1 i=1 l1=1 flo=t1+1 bi=t; _1+1 J=1 J No
. E‘ . . E
" KJ&dﬁz +1 E Z XEJ N + )\Z fis,dﬁz +1
Sy Bk, —w E P\ T B
E j— N, S$,a N,
K dN +1-— Oés,dﬁz T j=1 7 No °
j=1 £ No
Xe, 25 +>\e
J
. B, (v dN Z +Es
Rsdps +1 -1 Y4
By | —2e 4.4.13)
XL & Es + i .  Es +X : ( s
s d . . E X0 N 0.
No /fst +1— CVstS Jw o& J
j=1 tj No
.. —im,br . .
The limit of ¢ as 3= — oo also exists and given by
o
b B IOg N M M—i+1 M—i+2
lm T
A 5 ST DD SIS Z
E
No 7 k=1 i=1 (=1 l=l+1  Li=l;_;+1
S Z %, S et ) o (e
’is ,d exp ‘ WZ o.) as,d e~ we exp Qs.d 1 &
]: : ]:
X - .
: Xe, .. . L X,
— g Z w_ Rsd — Qs,d > TJ
=1 Jj=1 "



| —+— Exact simulation
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| — = — Error floors
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Figure 4.2. Best-relay selection BPSK BER versus E;/N, with N = 25 and 1 and M =1
and 2. In dB: E[|hsq(1)]?] = E[|hse(1)|*] = E[|hea(1)]?] = 1. The Source is mobile and the
other nodes are static corresponding to correlation parameters of psq = ps¢ = 0.999 and
pi.a = 1. Channel estimation is perfect (aga’b = 0VY(a,b)).

which means that the capacity of a cooperative system with best-relay-selection protocol

and error channel estimation degraded and bounded by a ceiling.

4.5 Numerical Results and Simulation

Fig. 4.2 is a plot for the best-relay-selection cooperative system theoretical lower-
bound BPSK BER performance along with the exact simulation and the floors. The theo-
retical lower-bound BER plot is using (4.4.9) and the floors are using (4.4.10). It is clear
from this figure that, the source mobility with low CSI estimation rate of 4% (N = 25)

causes severe BER performance degradation with error floors whatever the number of relays
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In dB: E[|hs (1))%] = {1.5,2.5,3.5}, E[|hyq(1)]*] ={2.5,3.5,4.5}. N=50 and M=
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Figure 4.3. Regular and best-relay-selection cooperative protocols BPSK BER versus E;/N,
with N = 50 and M = 2. In dB: E[|hsa(1)’] = 1, E[|hs (1)]*] = {1.5,2.5} and
E[|heq(1)]?] = {2.5,3.5}. Mobile nodes corresponding to correlation parameter of 0.9998.
Channel estimation is perfect (aza’b =0V(a,b)).

is. Further, we can also notice that 100% CSI estimation rate (N = 1) completely removes
the floors despite of the source mobility.

From Fig. 4.3, we can notice that in the case that all nodes are static, the best-
relay-selection protocol outperforms the regular one over the entire SNR region where such
result is known in literature in quasi-static fading case; see [28, Figure. 4]. However, in the
case of mobile nodes, this result is no longer valid because the best-relay-selection protocol
performance is degraded much than that of regular protocol at the high SNR values.  Fig.
4.4 supports this result and shows that the error floor of best-relay protocol is higher than

that of regular protocol for any p < 1 and N > 1 (i.e., time-selective fading and constraint
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In dB: E[|hsq (1)])|=1, E[|hs, (1)])] ={1.5,2.5,3.5}, E[|hq(1)|}] ={2.5,3.5,4.5}
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Figure 4.4. Regular and best-relay-selection cooperative protocols BPSK error floors versus
the correlation parameter p for M = 2 and N = 10 and 80. In dB: E[|h.q(1)]*] = 1,
E[|hse(1)*] = {1.5,2.5} and E[|h,q(1)]*] = {2.5,3.5}

CSI estimation rate). In addition, we can notice from Fig. 4.3 that the system performance
does not experience error floor as long as the source and the destination are static (relays
only are mobile), however, its performance is still worse than that for the case of all nodes
are static.

Fig. 4.5 is a plot for the per-block-average capacity performance of the best-relay-
selection protocol cooperative system for different fading environments. First, this figure
shows the tightness of the derived upper-bound in (4.4.13) as compared with the exact
simulation one. This figure also shows that as an impact of the time-selective fading (p,, <
1), the system capacity performance is severely degraded and bounded by a ceiling. As

special case of slow-fading environment, this ceiling is disappeared. Similarly, Fig. 4.6 shows
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Figure 4.5. Best-relay-selection per-block-average upper bound system normalized capacity
versus Fy/N, with B =1, N =50 and M = 2. In dB: E[|h,,(1)]*] = 1 V(a,b).

the tightness of the derived lower bound outage probability expression in (4.4.8) in particular
at medium and high values of E/N,. This figure also shows that due to time-selective fading,
the system outage performance is also limited by floors whatever the number of relays is.
These floors become higher (i.e., severer degradation) if the time-selective fading is combined

with imperfect-estimation.

4.6 Conclusion

In this chapter, we have analyzed the BER, outage probability and Shannon capacity
of the best-relay-selection scheme employed at amplify-and-forward time-selective fading co-
operative networks with imperfect channel estimation. The obtained closed-form analytical

expressions are tight enough and valid for both time-selective and quasi-static fading envi-
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Figure 4.6. Best-relay-selection per-block-average lower-bound outage probability with and
without estimation error. N =40, M =1 and 2, and R = 1. In dB: E[|h,,(1)]*] = 1 ¥(a, b).

ronments for perfect and imperfect estimations. We have also shown that the time-selective

fading degrades the system performance by asymptotic limits whatever the number of relays

1S.
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CHAPTER 5

Introduction

5.1 Literature Review

Cooperative communication, multiple-input-multiple-output (MIMO) links, space-
time codes, and a combination of them are among the successfully employed techniques in
modern wireless communications systems that require higher link reliability. In [30] and
[31], it has been proven that cooperative-based MIMO systems (i.e., cooperative-MIMO)
are efficient for improved system performance and higher spectral efficiency. The techniques
of Space-time-block coding (STBC) play a significant role in the developments of the new
cellular networks generations [32], in particular, the techniques of Orthogonal-STBCs (OS-
TBCs). OSTBCs are capable of providing full spacial diversity gain with low decoding
complexity that results from the optimal maximum-likelihood (ML) decoder [33] and [34].
The transmission of OSTBCs over cooperative networks has gained great interest in the
research community. By this combination, the OSTBC transmit diversity gain, achieved
at the receiving side, can be heighten by the the number of relays without destroying the
optimality and simplicity of the OSTBCs decoders [26], [35], [36]. Reported results in [26],
[35], [36] have been obtained based on the assumption that the fading channels among the
nodes are quasi-static (i.e., their channel gains are constant over a number of consecutive
signaling periods). This assumption is required in order to maintain the orthogonality of
the OSTBCs and to guarantee the optimality of their corresponding ML decoders at the
ultimate system destination. However, this assumption is not always realistic in some net-
work applications. For example, in the Fourth Generation cellular technology (4G), frequent

users’ transitions between integrated systems occur [37] which leads to time variations in the
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users’ fading channels characteristics (i.e., time-selective fading is present). Furthermore,
according to Jakes” model [16], high relative speed between any two communicating nodes
makes their fading links characterize as time-selective. Under such fading channels condi-
tions, the channel gain matrices of the OSTBCs are no longer orthogonal, and hence, their
corresponding decoders are no longer optimal ML and experiences inter-transmit-antenna-
interference (ITAI) that appears as terms in their output decision statistics. The effect of
the time-selective fading on the performance of point-to-point (non-cooperative) communi-
cation systems that employ OSTBCs has been addressed in several locations in literature.
In [38] the Kalman filter has been introduced in the Alamouti-type OSTBC decoders to
track and estimate the time-selective fading channel gains. The proposed decoder in [3§]
has not shown a capability of suppressing the ITAI terms appeared as a result of time selec-
tive fading, and thus, its error performance suffers from floor at high values of the per-bit
SNR. In [39] the authors have proposed an iterative-ITAI-cancellation based decoder that
provides improved error performance with no floors. In [40] and [41] explicit decoders that
are capable of providing separable decision statistics with removed ITAI, but at the price of
a loss in the transmit diversity gain, have been proposed. The authors of [42] and [43] have
proposed a modified OSTBC that can compensate for the performance degradation caused

by time-selective fading.

5.2 Work Summery

However, the contribution in this part of this dissertation is three-fold. Firstly, in
chapter 6, we investigate the impact of the time-selective fading in destroying the optimality
of the traditional Alamouti space-time decoder employed at the destination of a multiple-
relay cooperative-based system with Alamouti-OSTBC transmission at the source, and anal-
yse its symbol-error-probability (SEP) performance. Secondly, in chapters 7 and 8, we are
concerned in mitigating this impact of the time-selective fading on the overall system per-

formance by proposing and designing alternative and efficient space-time decoders that can
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be applied instead of Alamuoti’s decoder and provide remarkable performance improvement.
Finally, in chapter 9, we consider the same system model as in chapter 6 and, along with the
effect of the time-selective fading, we study the effect of the imperfect channel estimation on

the system SEP performance.
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CHAPTER 6

Alamouti-OSTBC Based M-Relay Fixed-Gain AF Cooperative Systems with Mobile Nodes
and Perfect CSI Estimation: SINR Derivation and SEP Analysis

6.1 Chapter Overview

In this chapter, we study the effects of the cooperating nodes mobility on the sym-
bol error probability (SEP) performance of a multiple-relay fixed-gain amplify-and-forward
(AF) wireless cooperative network with Alamouti-type orthogonal-space-time-block-code
(Alamouti-OSTBC) transmission at the source and its traditional decoder (ALD) at the
destination. The multipath wireless environment is characterized in the small-scale fading
as Rayleigh, frequency-flat and time-selective (due to nodes mobility), and it follows the
path-loss model in the large-scale fading. We first show that the time-selective fading de-
stroys the optimality of the ALD as a result of non-independent (statistically correlated) and
non-separable decision statistics (with inter-transmit-antenna-interference (ITAI)). Then,
by dealing this ITAI as an extra noise component, in addition to the effective background
white noise, we derive exact expressions for the decision statistics’ conditional signal-to-
interference-plus-noise-ratios (SINRs). From these SINRs we obtain closed-form expression
for the system’s SEP performance conditioned on the channel gains in the end-to-end chan-
nel gain matrix. Based on this conditional SEP expression, we obtain its average by using
computer Monte Carlo simulation, which are also verified via real link-level simulation.

From these analyzed results, we observe that the SEP performance of the system
under study is severely degraded by node’s mobility, in particular, at low transmission data-
rates. This degradation is basically represented by irreducible SEP floors that appear at

high values of the per-symbol average signal-to-noise-ratio (SNR) whatever the number of
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Figure 6.1. System model: Alamouti-OSTBC Transmission over M-relay fixed-gain amplify-
and-forward wireless cooperative system with time-selective fading channels.

relays is. We also show that, as a special case of non moving nodes (i.e., quasi-static fading
network), the decision statistics’ statistical-correlation, the ITAT and the error floors reduce
to zero. This means that the ALD is in its optimal version in such situation. Moreover, in
such special case, our derived SINRs reduce to well known SNRs derived in the literature

for such a system model with quasi-static fading.

6.2 System Model

6.2.1 Fading channel model

As shown in Fig. 6.1, we consider a wireless cooperative network with M number of
relays (Ry, ¢ € {1,2,---,M}) which are ready to assist a source S in forwarding its data
to a destination D via orthogonal transmissions where the direct path between S and D
is assumed to be absent. The source is equipped with two transmit antennas (e.g., corre-
sponding to a base station), while the relays and the destination are equipped with single

antenna and work as mobile terminals. We consider an aggregate fading wireless channel
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model which takes into account both large-scale and small-scale fading models. Let h;, and
h¢.q denote the channel gains for the links from the source ith transmit antenna (i € {1,2})
to the fth relay’s receive antenna and from the (th relay’s transmit antenna to the desti-
nation’s receive antenna, respectively. We assume that h;, and hy 4 have Rayleigh envelop
and uniform phase, and thus, they can be distributed as zero-mean-circularly-symmetric-
complex-Gaussian (ZMCSCG), i.e., hiy ~ CN(0,07,) and hyq ~ CN(0,07,). To take into
account the effect of the path-loss large-scale fading, o7, and o7, are given as 1/d?, and
1/ dzd, respectively, where d,, and d; 4 are the S-R, and Ry-D distances and n is the path-
loss exponent. For the small scale-fading model, all of the network fading links are considered
to be frequency-flat, so we consider narrowband network scenario. In addition, the relative
speed between any two communicating nodes in the network is assumed to be significant,

and according to Jakes’ model [16], the time-adjacent channel gains of their associated fading

2 fev

=), where v
S

links can be considered uncorrelated with correlation parameter of p = Jo(
is the relative speed, R; = 7% is the transmission symbol rate, T is the signaling period
length, f. is the carrier frequency, c is the speed of light and J(.) is the zeroth-order Bessel
function of the first kind. In other words, time-selective (time-variant) fading is present. In

this work, we adopt the first order autoregressive process (AR1) [9] to model the relationship

between any two time-adjacent channel gains as

ha,b(Tl) - pa,bha,b(7_2) + \/ 11— pgvbea,b(Tz) (621)

where the pair (a,b) € {(i,), (¢,d)} denotes the link between antennas a and b, and 7, and
Ty denote any two adjacent signaling period positions. The process e, (k) represents the
varying-component of the associated link and assumed to be independent and identically
distributed (i.i.d.) ZMCSCG with variance o7 ;, i.e., ~ CN(0,0;,). We also assume that

p1¢ and py e are equal and indicated as pg .

7



6.2.2 Alamouti space-time-encoder and signal model

As depicted in Fig. 6.1, the binary input message at the source is first modulated
! and then, the modulated complex symbol sequence {z;} is parsed into code vectors x =

(21, 75]" and then arranged over space and time as Alamouti-OSTBC matrix [33]
X = (6.2.2)

where the first column’s symbols are transmitted simultaneously at the kth signaling period
by the source two transmit antennas while that of the second column are transmitted at the
(k + 1)th signaling period in the same manner. We assume radiation power limited system;
therefore, the modulated symbol energy FE is halved such that the overall source transmit
energy from both antennas is kept E,. Throughout data transmissions between S and D two
phases are accomplished. In the first phase, S transmits the OSTBC matrix in (6.2.2) while
each relay, Ry, receives two signals over the kth and (k+ 1)th signaling periods, respectively,
as

ys,g(/{?) = hl,g(k’)xl + hz,g(k)iﬂg + n&g(k‘) (623)
Yso(k+1) = —hye(k + 1)a5 + hoo(k+ 1)a] +nge(k+1) (6.2.4)

where n, (k) and n, (k4 1) are ZMCSCG white noise samples with equal variance NV,, i.e.,
~ CN (0, N,). In the second transmission phase, the (th relay amplifies its received signals

in (6.2.3) and (6.2.4) by the following fixed amplification gain [44]

[ E,
g — m (625)

n this work, we consider a rectangular g-ary quadrature amplitude modulator (¢-QAM) such that the
constellation size ¢ equals 2° where b is an even integer.
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where FE, is the overall relay transmit energy. After that, it sequentially transmits Gy; (k)
and Gy, ¢(k + 1) towards the destination which results in received signals, over the kth and

(k 4 1)th signaling periods, respectively, as

ye.a(k) = he.a(k)(Gyse(k)) + ne.a(k) (6.2.6)

Ye.a(k + 1) = hya(k + 1)(Gyse(k + 1)) + nga(k + 1) (6.2.7)

where ng 4(k) and ng 4(k+1) are also ~ CN(0, N,). Now, by substituting the signals given by
(6.2.3) and (6.2.4) into (6.2.6) and (6.2.7), respectively, we can write the destination received
signals in terms of the transmitted symbols z; and x5, over the kth and (k + 1)th signaling

periods, respectively, as

y&d(k) = (th(k)hg,d(k)) T+ (gh275<k)hg7d(/£)) To + ghz,d(k‘)n&g(k) + nw(k) (628)

Yoa(k +1) = — (Ghyo(k + Dhga(k + 1)) 23 + (Ghay(k + Dhga(k + 1))}

+th7d(k + 1)7157@(]{ + 1) + Tl&d(k + 1). (629)

In Alamouti’s work [33], it has been assumed that the receiver takes the complex conjugate
(%) of the second received signal as a first step of his proposed decoder. By following same
assumption and taking the complex conjugate of (6.2.9), we can write the destination’s
received signals from all of the relays as a 2M x 1 received signal vector Y, in the following

matrix form

1

Y

I
T

+ Ny (6.2.10)
T2
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where

y1,a(k)
yr 4k +1)
Y2,a(k)
Yo= Ys gk + 1)
Yar,a(k)
Yaralk +1)
Ghi1(k)hi,q(k) Gha(k)hya(k)
sa(k+ 1Ry J(k+1)  =Ghi (k+ 1)h] 4(k+1)
ghl Z(k)hQ d(k) gh2,2(k)h2,d(k)
H = 5ok +1)h; y(k+1)  —Ghio(k+ 1)h; 4(k + 1)
Ghi v (k)hara(k) Gho i (K)has,a(k)
G (k- O+ 1) —Gh (k4 D+ 1),

and

Ny

Ghi,a(k)nsi (k) +na,q(k)

Talk+)ng (k+1) +nf 4(k+1)
Gha,a(k)ns (k) +no,q(k)

= 5alk+1)nky(k+1) +n5 4(k+1)

Ghora(k)ns ar (k) + nara(k)

|GRa(k + )ng (K + 1) +ngy o(k+ 1)

(6.2.11)

(6.2.12)

(6.2.13)

The 2M x 2 matrix H represents the end-to-end channel-gain matrix of our proposed M

relay-based cooperative system model and Ny is a 2M x 1 effective noise vector. It is

worthwhile to mention that the matrix H is not orthogonal unless all the network fading

channels are quasi-static (i.e., pop = 1 V(a,b)).
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6.2.3 Alamouti Space-Time-Decoder and decision statistics

The technique of the ALD [33] is based on multiplying the received signal vector
by the hermitian (H) (hermitian means conjugate-transpose) of the channel gain matrix
such that the resulted two elements are the decision statistics needed for the demodulation
process. Thus, we can obtain the space-time decoding matrix of the ALD employed at the
destination of our system model by taking the hermitian of the end-to-end channel gain

matrix H in (6.2.10) as

Ghi (k)R 4(k) Ghj 1 (k)R 4(k) )
Gho(k+ Dhya(k+1)  —Ghyy(k + Dhya(k +1)
G (k)1 o) G (k) ()
H" = | Ghoo(k + Dhoa(k+1)  —Ghya(k + Dhoa(k +1) (6.2.14)
Ghi v (k)R (k) Ghy a (k)R (k)
| Ghoy (K + Dhaga(k+1) —Ghia(k + Dhaga(k +1) |

where {.}7" denotes matrix transpose. We assume that the relays and the destination re-
ceivers are capable to estimate the channel gains of their corresponding fading links over
the individual signaling periods. These gains are required to construct the ALD decoding
matrix H* at the destination. [45] and [46] are devoted to CSI estimation of time-selective
fading channels. Now, by multiplying the the received signal vector Y, in (6.2.10) by the

ALD decoding matrix in (6.2.14), we obtain the required decision statistics corresponding
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to the two transmitted symbols x; and x5, respectively, as

desired signal of =
7\

Ve

i = (92 D (I e(k)he.a(k)? + oo (k + 1healk + 1>|2>):v1

(=1
(. /

g

b1
ITAI-termq

Pﬂz

g2

/\\
~
I

k)hao(k)|he.a(K)|> — hoe(k + 1) 1ok 4+ 1)|hea(k + 1)\2)>x2

-~

¢

. . . A~
effective-white-noise-termi =71
7\

+Z (G215 o (B) g a(R) [Pri o (B) + GRY o(k) g g(R)nga(k) + GPho o (k + 1)

WM@+1):Ak+U+Q@Ak+UMAk+UﬁAk+U) (6.2.15)

and

desired signal of zg
7\

Ve

M

o (92 S (o (k)heak)? + Vg + gl + 1>|2>)x2
=1
X
ITAI;Eeer
- M
( 257 (o g () o a2 — Bk + D)o (k + 1) [l + 1)\2)>x1
=1

¢

. . . A~
effective-white-noise-terms=ro
7\

N

+Z (G215 4 (F) [P, a(R) [Prus o (B) + GRS o (k)i g(R)nga(k) — GPhae(k + 1)
WM%+1):Ak+D—9Mﬂk+Dmdk+D@Ak+D) (6.2.16)
It should be noted that, in Alamouti’s work [33] (non-cooperative model), it has been required

the condition that the transmitter-receiver fading link must be time-invariant at least over

two time-adjacent signaling periods. The reason for this is to guarantee the orthogonality
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of the channel gain matrix and to obtain two separate (with no ITAI) and independent
decision statistics corresponding to the two transmitted symbols in the OSTBC matrix.
However, in our cooperative network model, and as a result of the relative speed among the
communicating nodes, all of the network fading links are characterized as time-variant (see
(6.2.2)), which violates the above condition assumed in [33]. Therefore, as it is clear from
(6.2.15) and (6.2.16), the obtained decision statistics 7; and y are nonseparable for z; and
T, respectively, due to the ITAl-terms. Moreover, as an effect of the nodes mobility, y; and
72 are non statistically independent. This is because that their effective noise terms n; and

ny are correlated with the following conditional covariance

COV (i), 7|S) = E[73|S]
= f: G0y o (k) Dz, (k) hea(R)"Elng o (k)n (k)] + G2hi o () ha,e (k)
i:\lhe,d(@PE[W,d(k)nzdw)] — G'ho(k + 1)h3 ,(k + 1)
X|hoa(k + D' E[ng ,(k + Dnge(k +1)] = G*hay(k + 1)h3 (k + 1)

X ‘h&d(k} + 1)|2E[n2d(k: + 1) ?”Lg,d(k -+ 1)]
M
= G*N, > b (k) hae(k)hea(k) (G2l hea(k) > + 1) = hoe(k + 1)
/=1

B o(k + 1) hea(k +1)[*(G?hea(k + 1) +1). (6.2.17)

where S = {hy4(k), h1o(k+1), hoe(k), hoe(k+1), hea(k), hea(k+1)} VL. The first equality in
(6.2.17) is obtained under the assumption that the white noise components n ¢(k), ns o(k+1),
neq(k) and ngq(k + 1) V0 are independent to each other. It is also worthwhile to mention
that if the cooperating nodes are static (i.e., pop = 1 V(a,b)) the ITAl-terms in (6.2.15) and
(6.2.16) and the statistical correlation in (6.2.17) reduce to zero. This means that the decoder
decision statistics y; and vy are separable to x; and x5, respectively, and also independent to
each other. However, in the next section, we analyze the system SEP performance considering

the more general case of mobile nodes (i.e., time-variant fading links with p,, < 1 V(a,b)).
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6.3 System Conditional SEP Analysis

As depicted in Fig. 6.1, the destination’s ¢-QAM demodulator uses the decision
statistics y; and 7, to make decision about the two transmitted symbols x; and x5, respec-
tively. In this subsection, our target is to analyze the probability of making error in these
decisions (i.e., evaluating the system SEP). First of all, in AWGN point-to-point communi-
cation system, the average SEP at the output of the ¢-QAM demodulator is obtained as [47,
eq. (5.2-79) and eq. (5.2-78)]

VN g (1 - 2(1 - %)Q(Eﬂy (6.3.1)

where 7 = ¥ s the per-symbol average signal-to-noise-ratio (SNR) of the input decision
statistic and Q(u) is the @—function. Now, we can directly use the AWGN SEP expression
in (6.3.1) to evaluate the conditional SEP of our system model described in Sec. 6.2 if we (i)
show that the ITAl-terms, in addition to the effective noise terms, in (6.2.15) and (6.2.16)

are Gaussian (ii) obtain explicit expressions for the SINRs of the statistics y; and 75, which

we do in the following:

6.3.1 Conditional SINR of the first decision statistic

It is clear from (6.2.15) that the first decision statistic y; is function of the channel
gains in the set S = {hy¢(k), h1o(k+1), hoo(k), hoo(k+1), hoa(k), hea(k+1)} V. However, in
order to simplify the derivation of its conditional SINR (say SINR;), we derive it conditioned
on the set Sy = {h1(k), hoe(k + 1), hea(k), hea(k + 1)}2 Tt is clear from (6.2.15) that we

can now obtain SINR, conditioned on &; as

P(desired signal of x1|S;) |8112(Es/2)
IN = = 3.2
SRS = S AT rorm |8 + Pn]Sy)  PIS(E./2) + Var(mlsy) 02

2The channel gains in this set are the ones that appear as coefficients of the desired signal in the decision
statistic g1 in (6.2.15).
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where P and Var denote the power and the variance operators, respectively. In the following
we discuss how to evaluate P(¢|S;) and Var(n;|S;). First, it is clear from (6.2.15) that ( is
function of the elements in S as well as of hy 4(k+1) and hy (k). Therefore, conditioned on
81, ¢ is random variable with respect to both hy ,(k + 1) and hy (k). To find the density of
¢ conditioned on S; (which is needed first to obtain P((|S;)), we can first benefit from the
expression of the AR1 model in (6.2.1) to write hj ,(k + 1) in terms of hy (k) and hg (k) in

terms of hgy(k + 1), respectively, as follows
hio(k+1) = psehi (k) + /1 = p2 €1 (k) (6.3.3)

hg,g(k‘) = p575h275<k’ + 1) +4/1— pg’eeu(k’ + 1). (634)

From (6.3.3) and (6.3.4), along with the fact that e (k) ~ CN(0,0%,) and ey (k + 1) ~
CN(0,03,), we can obtain the densities of hi,(k + 1) conditioned on hy,(k) and that of

ha¢(k) conditioned on hs,(k + 1), respectively, as follows
k1) | Aug(R) ~ CA (poghi (R). (1= 22)0%). (635

hoe(k) | hoe(k + 1) ~ CN (pschae(k +1), (1 = p2,)o5,) (6.3.6)

With the help of the densities in (6.3.5) and (6.3.6), we can now obtain the density of ¢

conditioned on S; as

M

(1S~ cxv(g2 S (ouli (B + 1) (a9 — el + D))

(=1

J/

-~

E[¢|S1]2p1

G (1= p2) (03 olh e (k) Plhea(k)* + 07 oo (k + 1) [ hea(k + 1)\4))>
/=1

g

J/

Var[(151) 261
(6.3.7)
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and thus, its conditional power, P(¢ | S1), can be given as

P(C[81) = [ml* + ¢1. (6.3.8)

As described in the system model section, all of the noise components n¢(k), ne.a(k), n ,(k+
1) and nj4(k + 1) are statistically independent and each one is a ZMCSCG with variance
N,. Based on this fact, the effective noise term 7, in (6.2.15) is also, (conditioned on S;) a

ZMCSCG random variable, which we can find it conditional variance as
Var(ﬁllSl) = NoTh (639)
where

M
m =G (1he(B)hea(k) (G lhea(k)]* + 1) + [ho,e(k + Dhea(k + 1)
(=1

X(g2|hg7d(/€ —+ 1)|2 + 1))

Finally, by substituting (6.3.8) and (6.3.9) into (6.3.2), we obtain SINR;|S; in its ultimate
form as
|61 %

SINR;|S; = .
S = P e B+ 2m

(6.3.10)

6.3.2 Conditional SINR of the second decision statistic

Similarly as 91, o in (6.2.16) is function of the channel gains in the set S but in order
to simplify the derivation of its conditional SINR (say SINRj), we do that conditioned on
the channel gains in the set Sy = {hyo(k + 1), hoy(k), hea(k), hea(k + 1)}*. From (6.2.16),

3The channel gains in this set are the ones that appear as coefficients of the desired signal in the decision
statistic g2 in (6.2.16).

86



we can now obtain SINR, conditioned on Ss as

SINRy[S, — P(desired signal of 2,|S;) |B2|(Es/2)
22T P(ITAL termy |Sy) + P(72]Ss) — P(C*[Sy)(Es/2) + Var(mg|Ss)

(6.3.11)

It is clear from (6.2.16) that ¢* is function of the elements in Sy as well as of hy ¢(k) and
hoe(k +1). Therefore, conditioned on S, ¢* is random variable in terms of both h; ,(k) and
hoe(k +1). With the help of (6.2.1), we can now obtain the densities of hy (k) conditioned

on hy¢(k+ 1) and that of i3 ,(k + 1) conditioned on hy¢(k), respectively, as follows
hie(k) | hae(k + 1) ~ CN (psohre(k +1), (1 = p2 )0 ,) (6.3.12)

W3 (ki + 1) | hae(k) ~ CN (paehi o(k), (1 = p%0)03,) (6.3.13)

These two densities in (6.3.12) and (6.3.13), help in obtaining the density of (*|s,, which is

given by
M
S~ CN<92 > (pschi ok + Dhoo(k) (hea(k) P = [hea(k + 1)%))
/=1

[

E[C*|S2]%p2

M
G' Y (1= P2 (@5 b ek + DI [hea(k)|* + ot | ho.e(k) [ hea(k + 1)I4))> :
(=1

[ J/

Var[(*|Sz2]2¢2

(6.3.14)

It is obvious from (6.3.14) that P(¢*|Sy) can be given as

P(C*[S2) = |pal* + oo. (6.3.15)
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As similar as ny, the effective noise term 75 in (6.2.16) is also ( conditioned on Sp) a ZMCSCG

random variable but with the following conditional variance
Var(ﬁ2|82) = NOT]Q (6316)
where

M
=G (Ihwe(k + Dhealk + DG lhealk + 1P + 1) + [hoe(k)hea(k)

(=1

X (gz|hg,d(/€)|2 + 1))

By substituting (6.3.15) and (6.3.16) into (6.3.11), we obtain SINR|s, in its ultimate form

as
8o 52

(l2l? + d2) 5= + 2m2°

SINR,|S, = (6.3.17)

6.3.3 Conditional SEP expression

Now, without loss of generality, we can express the SEP at the output of the ¢-QAM
demodulator of our system model conditioned on the channel gains in the set S (say P.|S)
as

P.|S = Pr(z,)P"|S; 4+ Pr(z2)P”%|S, (6.3.18)

where Pr(x;) and Pr(xzy) are the transmission probabilities of x; and z,, respectively. PY|S,
and P”2|S, are the conditional probabilities of symbol error decisions made by the ¢-QAM
demodulator in estimating x; from g; (conditioned on &;) and in estimating xo from s
(conditioned on Sy), respectively. By assuming equiprobable transmissions for z; and s
(i.e., Pr(z1) = Pr(z,) = 3) and directly using the SEP expression in (6.3.1) to evaluate

P¥1|S; (by replacing 7 by SINR;|S;) and P%|S, (by replacing 7 by SINRy|S,)?*, we can

4This is valid because the ITAI-terms in 7; and g3 are distributed as Gaussian conditioned on S; and S,
respectively (see (6.3.7) and (6.3.14)).
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obtain P.|S as

=il (o e e m)|
1
2

" {1 - (1 - 2(1 - %)Q( q = 1(|pal? F;;)%ij + 2772))2]'
(6.3.19)

OOH

As an impact of the nodes mobility, the system SEP performance experiences sever degra-
dation specifically at high values of the per-symbol average SNR (%) This degradation is

mainly represented by conditional asymptotic error floors (P1°°'|S), which can be given by

revis = . ris—3[i- (1-2(1- L )a(Bovety)’
e B,

The obtained SEP and error floor expressions in (6.3.19) and (6.3.20) are still conditional

l\DI»—t

on the network fading gains in the set S. In the next section we discuss how to obtain
numerical values for their averages, which are required to give an obvious picture about the

SEP performance.
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6.4 System Average SEP Analysis

The system average SEP (say P.) can be obtained from (6.3.19) as

s 1 v
- Z|1—-FE _
s[1-2a (=20~ Z)e(Vi arrat va) |
SINR, |S;
1 1 |6a|* 5 ?
“l1-F _
Hloma (20 )l ) ]
SINRo|Ss

(6.4.1)

where E,, H denotes the statistical expectation operator with respect to U. Evaluating
the last two expectations in (6.4.1) requires first deriving the probability density functions
(pdfs) of both SINR|S; and SINR|S,, which is too hard to accomplish. Therefore, by using
computer Monte Carlo simulation to evaluate these two expectations (based on the sampling

mean concept), we can obtain numerical values for P, as

P s 2l el Emst)) ]

J=1

AP R oo

J

where SINR|S/ and SINR|S] are the generated SINRs in the jth realization and N is the
number of realizations in the simulation (/N is supposed to be large enough). Similarly, we

use same method to obtain numerical values for the statistical average of the error floor in
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(6.3.20) as

A Ao e ]
Al D)) e

In the numerical results section, the provided plots for the system average SEP using (6.4.2)

are verified via real link-level simulation.

6.5 System Performance under Static Nodes Case

Here, we consider a special case of static (non moving) nodes in the network. In
this case, and according to Jakes’ autocorrelation model, all of the network fading links’
correlation parameters reduce to one (pss = prq = 1 V/), and thereby, these fading links can
be characterized as quasi-static. Under this consideration, we can also notice from (6.2.1)

that

hl,g(k + 1) - th(l{?) — hl,g
hoe(k+1) = hoy(k) = hoy

hea(k+1) = hea(k) = hea, V0 ={1,2,--- M}. (6.5.1)
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Following the channel gains description in (6.5.1), the end-to-end channel gain matrix in

(6.2.12) reduces to its orthogonal (quasi-static fading) version, H***® that can be given as

Ghi1h g Gha1hi g
Ghyhig =904
Ghiohs g Ghaohs g
FLstatic Ghsohyy  —Ghiohs, (6.5.2)

Ghisvihar,g  Ghonhoga
Gl aihig Gl i)

and the ALD decoding matrix H in (6.2.14) reduces to

_ o T
Ghihi g Ghy1hi 4
Gho1hi g —Ghy1hi g
Ghiohs g Ghs5hs 4

B’ — Ghaohs g —Ghi 2hs 4 (6.5.3)

Ghi (k)R GRS (KRG g
i Gha nhoar,d —ghLMhM,d_

Clearly, H**™ i (6.5.3) diagonalizes H**® in (6.5.2), which means that, in this static
nodes scenario, the ALD (as expected) is in its originally designed optimal version. This is
also further verified because, under this quasi-static fading condition, the powers of the ITAI
terms, P(¢ | §1) in (6.3.8) and P(¢* | Sp) in (6.3.15), vanish. Moreover, both the derived
conditional SINRs in (6.3.10) and (6.3.17) reduce to the following conditional SNR

2
M 2 2
2 e )
,ystatic|85tatic — Esg i (Zgil H KH | €7d| (654)
ZNo 3702, (G2 heal® + 1)l he,al?)
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where

[hel|> = [hael® + |hayl?

Sstatic {hl,b h27€7h€7d} Ve = {1,2, ce M}7

and the conditional SEP in (6.3.19) reduces to P5t¢|Sstatic which is given by

Pstatic-nodeslsstatic =[1=(1=2(1—= L Q 3 % i (6 5 5)
c VM M—1 2p o

where
) M
B=g> Z(|h1,éh€,d’2 + | hacheal®)
=1
and

M
=g’ Z((g2|h€,d|2 + 1) (|hcheal® + |hoehed?)).
=1

It is worthwhile to mention that the limit of (6.5.5) as £+ — oo is zero (i.e., the error floor
vanish) because the nodes mobility impact is removed. If we consider now another special
case of a single-relay network (i.e., M = 1), and after doing some manipulations, the SNR

in (6.5.4) can be written as

. E :
static _ s N, N,
Vsingle-relay — 7 [he al? 1 (656)
N, T &N,

which is know in the literature for a system model of OSTBC transmission over single-relay
quasi-static fading network [26, eq. (7)]. We conclude from this that the derived SINRs in
(6.3.10) and (6.3.17) generalize [26, eq. (7)]) for multiple-relay network over time-selective

fading environment in case of Alamouti-OSTBC transmission.
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6.6 Numerical Results and Simulation

In this section, we present numerical results for our system model average SEP per-
formance using (6.4.2) and (6.4.3) along with the real link-level simulation results.

Figs. 6.2 and 6.3 are plots for the system average SEP versus ]}3—0 for 4 and 64 QAM
constellations, single relay (M = 1) network, and different relative speeds among the nods
with transmission data-rates of 9.6 ksps in Fig. 6.2 and 64 ksps Fig. 6.3. First, we can observe
from these two figures that the analyzed SEP using (6.4.2) exactly matches with the real link-
level simulation one, which verifies the correctness of our performed theoretical analysis. As
compared with static network case (the case of 0 mph relative speeds among the cooperating
nodes), the system average SEP performance is severely degraded and experiences high
irreducible floors, in particular, at relatively high speeds of 50 and 80 mph. In addition, by
comparing Fig. 6.3 with Fig. 6.2, we can notice that this degradation becomes less for higher
transmission data-rates. This is due to the fact that increasing the transmission data-rate
reduces the time-variation among the time-adjacent channel gains.

In Fig. 6.4, we consider 16-QAM constellation and 25 kbps transmission data-rate
and plot the average SEP for different number of relays M and relative speeds. It is clear
from this figure that the average SEP performance is improved with M as a result of the
obtained diversity-gain achieved via relaying. We can also notice that despite of this general
improved performance with the number of relays, the impact of the nodes mobility is still
under effect whatever the number of relays is.

The target beyond Fig. 6.5 is to investigate the effect of the transmission data-rate
on the SEP performance of our system with high speeds mobile nodes (for example 65 mph).
We can observe from this figure that increasing the data-rate gradually reduces the impact
of the nodes mobility and improves the average SEP performance so that it goes close to the

performance of non-moving nodes case.
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Ry =9.6 ksps, f.=2.4 GHz, n=3, dsy=1, djg=2 and M =1,
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Figure 6.2. Average SEP versus E,/N, for M = 1, 4 and 64 QAM constellations, transmis-
sion data-rate Ry = 9.6 ksps, carrier frequency f. = 2.4 GHz, path-loss exponent n = 3,
normalized nodes distances ds¢ = 1 and dy 4 = 2.

6.7 Conclusion

In this chapter we have concerned in investigating the effect of the cooperating nodes
mobility (their relative speeds) on the symbol error probability performance of a wireless
cooperative network scenario with rectangular QAM and Alamouti-OSTBC at the source,
fixed-gain amplify-and-forward protocol at the relays, and Alamouti’s space-time decoder
(ALD) at the destination. To take the relative speeds among the communicating nodes into
account, we have modeled all of the network frequency-flat fading channels as time-selective
(time-varying) using the first order autoregressive (AR1) process. We have also considered

the path-loss large-scale fading model to make the network’s fading environment more ag-
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Figure 6.3. Average SEP versus F;/N, for M = 1, 4 and 64 QAM constellations, trans-
mission data-rate R, = 64 ksps, carrier frequency f. = 2.4 GHz, path-loss exponent n = 3,
normalized nodes distances dsy = 1 and dgq = 2.

gregate. Under these considerations, the overall end-to-end channel gain matrix is no longer
orthogonal and the ALD provides correlated decision statistics with inter-transmit-antenna-
interference (ITAI). Benefiting from the AR1 model, we have derived exact expressions for
the decision statistics conditional SINRs, which have been directly used to analyze the sys-
tem average SEP performance. As an impact of the nodes mobility or the ITAI, the system
SEP performance is degraded and bounded by irreducible error floors no matter the number
of the relays is. Moreover, as special case of static nodes network, we have shown that the
end-to-end channel gain matrix reduces to its orthogonal version, the ITAI terms and the

irreducible error floors vanish.
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16-QAM: Ry =25 ksps, f.=2.4 GHz, n=2, d,y=2 and d;q=1
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Figure 6.4. Average SEP versus E,/N, for M = 1, 2 and 3, 16—QAM constellations,
transmission data-rate Ry = 25 ksps, carrier frequency f. = 2.4 GHz, path-loss exponent
n = 2, normalized nodes distances ds, = 2 and dgq = 1.
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Figure 6.5. ALD Semi-analytic Average SEP versus E;/N, for M = 2, 16 and 256 QAM
constellations, different transmission data-rates, carrier frequency f. = 2.4 GHz, path-loss
exponent n = 2, normalized nodes distances ds, = 1 and dgq = 2.
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CHAPTER 7

Improved Performance Zero-Forcing Space-Time Decoder (ZFSTD) for High Mobility
Alamouti-Type OSTBC Based AF Cooperative Systems: Decoder Design and SEP

Analysis

7.1 Chapter Overview

In chapter 4, it has been shown that the SEP performance of a multiple-relay AF
wireless cooperative system with Alamouti-OSTBC transmission, time-selective fading links
and Alamouti’s conventional space-time decoder (ALD) is severely degraded and experiences
irreducible error floors. This is mainly because of the I'TAI terms that appears in the ALD
output’s decision statistics and makes them non-separable. Based on that, we concluded
that the ALD is not a suitable space-time decoder for such a system model with high nodes
mobility and/or low data rates applications. Therefore, in this chapter, we propose another
space-time decoder that can be applied at the destination, instead of the ALD, such that it is
capable to provide separable decision statistics corresponding to the two transmitted symbols
of the OSTBC matrix. In other words, it provides decision statistics without ITAI. The idea
of this proposed decoder in this chapter is inspired by the notion of V-BLAST equalizers
that have been proposed to perform data demultiplexing at the receiving side of MIMO
communications systems [48]. Specifically, among the V-BLAST equalizers, we follow the
idea of the zero-forcing-linear one to design the decoding matrix of our proposed space-time
decoder. Therefore, now and on, we refer to this proposed decoder as Zero-Forcing-Space-
Time-Decoder (ZFSTD). After employing the ZFSTD at the destination, we show that it
achieves the required target and provides separable decision statistics. Moreover, based on

these obtained statistics, we analyze the average SEP of our system model with the proposed
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ZFSTD, which is also verified via real link-level simulation. As compered with the ALD, the
ZFSTD provides remarkable SEP performance improvement so that it matches with that of
the ALD in the quasi-static fading scenario. However, this come at the expense of additional

complexity over the ALD.

7.2 System Model

In this chapter we consider the same system model as in chapter 5 but instead of
employing the ALD at the destination we propose to employ another space-time decoder,

which we discuss its design and performance analysis in the following sections.

7.3 ZFSTD Decoding Matrix Design

The equalization matrix of the V-BLAST zero-forcing-equalizer, say G, is given as
[48, Eq. (8)]

1

G'=(G"G) G* (7.3.1)

where G is the channel gain matrix of a MIMO system and {-}~* denotes the matrix inverse.
Now, based on our system model received signal vector in (6.2.10) and its end-to-end channel
gain matrix H in (6.2.12), we propose a zero-forcing-space-time-decoder (ZFSTD) that has
a decoding matrix, say H', that follows the form of the V-BALST zero-forcing-equalizer

equalization matrix in (7.3.1) and given as
H' = (H*H) 'H". (7.3.2)

In order to write H™ in its ultimate form, we first multiply H" in (6.2.14) by H in (6.2.12)

to obtain

- | ¢ (7.3.3)

¢ B

100



which is a 2 x 2 matrix and has the following inverse

H -1 1 52 _C
(H™H) = Jer () e (7.3.4)

where
det(H"H) = 316> — || (7.3.5)

By substituting (HHH)f1 in (7.3.4) and H" in (6.2.14) into (7.3.2), we obtain the proposed
ZFSTD decoding matrix H" as

1 all 0&2 a?l a?? ai\f a{\g
H = = 3.
2 (7.3.6)
ay a, a, a, ay  ay
where

A = BBy — [P

afl = BaGhy ((k)hy 4(k) — CGR, (k) Dy 4(K)

ab, = —C*Gh; (k)h; (k) + 1GR3 (k)i (k)

a = ﬁgghu(k + 1)hg,d(k’ + 1) + Cghl,g(k‘ + 1)hg7d(k‘ + 1)

al, = —C"Ghay(k+ Dhga(k +1) — B1Ghyo(k + 1)hea(k + 1).

7.4 ZFSTD Output Decision Statistics

We can now apply the ZFSTD at the destination just by multiplying the received
signal vector in (6.2.10) by the decoding matrix H" in (7.3.6). The resulted two elements

from this multiplication are the ZFSTD’s decision statistics, which can be given, after some
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simplifications, as

. . . A~
effective-white-noise-termi =v1
7\

desired signal of x; - o
s = S N N S (7.4.1)
51,@2 BiBa — (2 BiBa — (2 |
and
eﬂ"ective—whitefoise—terml 27,
desired signal of zo 7~ *
Zo = T ¢ A (74.2)

It is clear from (7.4.1) and (7.4.2) that

T REH P T B =1

the decision statistics of the proposed ZFSTD are

separable (non interfering ) corresponding to z; and x5, respectively, even though the network

fading links are time-selective. Therefore, this decoder has accomplished its required target.

7.5 ZFSTD SEP Performance

The ¢-QAM demodulator uses z;
tively. Therefore, in order to analyze t

of our system model with the proposed

and zy to make decisions about z; and x», respec-
he SEP at the output of the ¢-QAM demodulator

ZFSTD (say PZ'STP) we need first to obtain the

conditional SNRs of the statistics z; and z;. From (7.4.1) and (7.4.2), we can obtain these

SNRs conditioned on the channels gains

in the set S, respectively, as

2
|21 ]? 8182 — |2
SNRs S — 121 Zs 75.1
| P(v1)  2|Ba2*m — 2|C[*n2 N, (7.5.1)
and
9
|29]? 3182 — ¢
SNRs,|S = 122 Zs 752
| P(@2)  2|B1)?n2 — 2[¢|?m N, ( )
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By assuming equiprobable transmission for x; and x5 and directly using the ¢-QAM AWGN

SEP expression in (6.3.1), we can obtain PZFSTP conditioned on S as

wos L1 (1 o1 L\of /3 1BB2— P 5))1

re 18_2{1 (1 2(1 ﬁ)Q( q—12|52’2771—2‘g|2ﬁ2No
A Y TANY
+2{1 <1 2(1 \/§>Q( q—12|51|2772—2|<|2771No

(7.5.3)

and its average can be computed following the Monte carlo method followed in section 6.4

as

N Jaio _ 1512]2 2
R )
o Tl w22 )W iaaeg —2oa

J

71 | 3 \@wwﬁaszﬁ>T]
“1-= 1-2(1-— —— - —
+2{ N;K ( \/E)Q( ¢ — L2|3][*ng — 2|¢7[>ni No

j (7.5.4)

In the numerical results section it will be shown that (7.5.4) numerically matches with the
quasi-static fading SEP given in (6.5.5). This means that the proposed ZFSTD completely
removes the nodes mobility impact on the system SEP performance. However, this per-
formance improvement by the ZFSTD comes at the expense of further decoding complexity
required at the destination. This additional decoding complexity of the ZFSTD over the ALD
is obvious if we compare their decoding matrices: H" in (7.3.6) requires more operations to

be constructed at the destination than that of H™ in (6.2.14) .

7.6 ZFSTD under Static-Nodes Case

Under the special case assumption of quasi-static fading within the network under
study (i.e., pop = 1 V(a,b)), the proposed ZFSTD reduces to the optimal version of the ALD.

This is obvious because, under this condition, the ZFSTD decoding matrix H* in (7.3.6)
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reduces as

1t
Ht = —ptetic” (7.6.1)
Ba

where H¥257 i5 the decoding matrix of the optimal version of the ALD obtained in quasi-
static fading scenario and given in (6.5.3). Moreover, under this scenario, the conditional

SEP of the ZFSTD in (7.5.3) reduces to Pstaticnodes|Gstatic iy (6 5 5).

7.7 Numerical Results and Simulation

Here, we present numerical results along with real link-level simulation results to
investigate the performance improvement by the proposed ZFSTD over the ALD and also to
verify the obtained theoretical results. From Fig. 7.1 we can notice that, as compared with
the severely degraded performance of the ALD due to nodes mobility with relative speeds
of 65 mph, the performance of the proposed ZFSTD at that speed completely matches the
system performance in the case of static nodes (0 mph relative speeds). This observation is
valid for any number of relays M. Also, the SEP performance of the ZFSTD plotted using
(7.5.4) show good agreement with the real link-level simulation results.

In Fig. 7.2, we compare the average SEP performance, versus the relative speeds
among the nodes, between the ALD and the ZFSTD for M=1 and 2 and different data-rate
values. It is clear from this figure that the average SEP of the ALD increases with increasing
the relative speeds among the cooperating nodes while that of the ZFSTD is not affected
by both the relative speeds and the data-rate values and also provides lower average SEP

values.

7.8 Conclusion

In order to overcome the impact of the time-selective fading on the SEP performance
of a multiple-relay AF cooperative system with Alamouti OSTBC transmission at the source
and its traditional decoder at the destination (ALD), we have proposed in this chapter a

zero-forcing space-time-decoder (ZFSTD) to be applied at the destination instead of ALD
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Figure 7.1. Average SEP versus F/N, for both ZFSTD and ALD. M =12 and 3, QAM con-
stellations size of 16, transmission data-rate R, = 25 ksps, carrier frequency f. = 2.4 GHz,
path-loss exponent n = 3, normalized nodes distances d;, = 2 and dyq = 1.

and provide non interfering decision statistics. The idea of this proposed decoder is inspired
by the idea of the V-BLAST zero-forcing-linear equalizer required for data demultiplexing in
MIMO systems. Specifically, we have derived the decoding matrix of that decoder and obtain
its output decision statistics of this proposed decoder. From these statistics we have then
derived their conditional SNRs and the system SEP. As compared with the ALD performance,
we have shown that the ZFSTD completely removes the impact of the time-selective fading

but this comes at the expenses of additional decoding Complexity.
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Figure 7.2. Average SEP versus nodes relative speeds for both ZFSTD and ALD with
Es/N, = 20 dB, different transmission dat-rate values, M = 1 and 2, QAM constellations
size of 64, carrier frequency f. = 2.4 GHz, path-loss exponent n = 3, normalized nodes
distances d;y = 2 and dpq = 1.
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CHAPTER 8

Improved Performance Low-Complexity Sub-Optimal Space-Time-Decoder (SOSTD) for
High Mobility Alamouti-Type OSTBC Based AF Cooperative Systems: Decoder Design
and SEP Analysis

8.1 Chapter Overview

The proposed ZFSTD in chapter 6 has shown a performance improvement over the
traditional Alamouti decoder (ALD) which are employed in a wireless cooperative sys-
tem with multiple relays, AF protocol, time-selective fading (due to nodes mobility) and
Alamouti-OSTBC transmission at the source node. This performance improvement is con-
siderable so that it is equivalent with that of the optimal version of the ALD obtained in
case of non-moving nodes network scenario (i.e., quasi-static fading). However, we have
also shown in chapter 6 that this improvement requires higher processing complexity at
the destination node. Therefore, in this chapter, we propose another space-time-decoder
that has same complexity level as the ALD and provides very close performance to that pro-
vided by the ZFSTD. We call this low-complexity decoder as sub-optimal space-time-decoder
(SOSTD). It is sub-optimal because despite it provides separable decision statistics like the
ZFSTD, these statistics are statistically correlated like the ALD in the time-selective fading

case.

8.2 System Model

In this chapter we consider the same system model as in chapter 5 and 6 but instead
of employing the ALD or the ZFSTD at the destination we propose to employ another
space-time-decoder, which we discuss its design and performance analysis in the following

sections.
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8.3 SOSTD Decoding Matrix Design

The idea of the proposed space-time-decoder in this chapter is based on finding a
2 x 2M decoding matrix (say D) such that the resulted two decision statistics from multi-
plying this matrix by the destination’s received signal vector Y, in (6.2.11) are separable
corresponding to the two transmitted symbols x; and z5. This basically can be accomplished
if the resulted 2x2 matrix from multiplying D by H is diagonal. Therefore, we start solving
for D such that

1
0
pr 2 | (8.3.1)

0 B

where 3] and 3} are the main-diagonal elements that will be specified later after obtaining
D!. In order to simplify the problem of solving for D, we first solve for a single-relay case
(say (th relay) by obtaining D, and then extend the result for the multiple-relay case. For
the (th single-relay network (or dual-hop network), the fth component, of the matrix H in

(6.2.12), reduces to

H, Ghao(K)he.a(k) Gha,e(k)hea(F) (8.3.2)

Ghs o(k + Vi g(k + 1) =Gh ,(k + 1hj y(k + 1)

and accordingly, we need

Dll DIQ ; O
p, = |0 Pl g, - [T (8.3.3)

,Dbl D€22 0 6;2

where Dy,,, Dy,,, Dy,, and Dy,, are the elements of D, and 3} and (3}, are the main-diagonal
elements of the resulted diagonal matrix. Solving for D, that satisfies (8.3.3) means obtaining

the intended proposed SOSTD decoding matrix for a dual-hop AF cooperative network with

1Tt should be noted that solving for D is only based on achieving (8.3.1) no matter how the statistical
relationship between the effective noise components of the resulted decision statistics would be. Achieving
(8.3.1) only grantees obtaining non interfering decision statistics, which is the required target by the proposed
decoder in this chapter.
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Alamouti-OSTBC transmission and time-selective fading for both hops, which we do in the
following. Now, in order to find the elements of D, that achieves (8.3.3), we can first obtain

from (8.3.3) the following two equations

Dy, Gl (k) alk) + Dss (<G (b + D) ok + 1)) = 0 (8.3.4)

Dy, Gha o (k) a(k) + Dipy, Gh o (k + 1Ay y(k +1) = 0 (8.3.5)

From (8.3.4) and (8.3.5), we can write Dy, in terms of Dy, and Dy, in terms of Dy,,,

respectively, as
’D512gh>{7£(1{7 + 1)}12(1(/{7 + 1)

Ghao(k)he a(k)

—Diy, Ghao(k)hea(k)
Ghy (k4 1)h; (k+1)

Dfn =

(8.3.6)

,Dbz =

(8.3.7)

Based on (8.3.6) and (8.3.7), the matrix D, that can satisfy (8.3.3) can be given in the

following preliminary form

ngghie(k‘Fl)th(k‘Fl) D

D, = Gha o(k)he,q(k) brz
D —Dyy, Ghie(k)he, a(k)
2 Ghy (k+1)h; ,(k+1)

(8.3.8)

It is clear now that the form of D, in (8.3.8) reduces the problem to solving only for two
parameters: Dy, and Dy,,. We can now start our second step in deriving the ultimate form

for D, by first revealing the following corollary

Theorem 8.3.1. The SNRs of the decision statistics resulted by applying our proposed
SOSTD with the decoding matriz in (8.3.8) at the destination of the dual-hop relaying net-

work understudy are not functions of both Dy,, and Dy,, .

Proof. The received signal vector through the (th relay dual-hop link can be obtained from
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(6.2.10) as

Ye,a(k) _H, 21 N Ghea(k)nso(k) 4+ nga(k) | (83.9)

%Ak+U T Q@Ak+D@Ak+U+na%+U

The proposed SOSTD is applied just by multiplying (8.3.9) by the decoding matrix D, in

(8.3.8), and its resulted two decision statistics (say 7% and 75) can be given, respectively, as

desired signal of z

e N

Dy, Gh3 ,(k+ 1) J(k+1) i .
?f:( 2 gl},mj(k)h&d(’g) ghm(k)hg,d(k) + ngghu(k + 1)h€,d(k + 1))%1 +

effective-white-noise-termy
7\

=

bzlgghf,e(k + )h; o(k + 1)Ghya(k)ns (k) + Do, Gh o(k + 1)h; 4(k + 1)ne,d(/f)+
Ghoo(k)heq(k)
iy Ghi gk + 1) (k + 1) + Dyt ok + 1) (8.3.10)

desired signal of zg
N

~

Ghy o(k + 1)hy 4(k+1) + D@lghg,g(k)hg,d(k)) T

X

:,( Dy, Gy o(K)he a(k)

2\ Ghy (k+ 1)y y(k+ 1)

effective-white-noise-termo

_bleghl,@(k)hﬂd(k)gh;,d(k + )ng o(k + 1) + Dy, Gha (k) hea(k)ng 4(k + 1)
Ghs(k+1)h; 4(k+1)

Dy, Ghy a(k)ng (k) + Dy ng a(k). (8.3.11)

~

+

The SNR of each of the decision statistics in (8.3.10) and (8.3.11) can be obtained as the
ratio of the desired signal power over the effective-white-noise variance. Based on this and
also on the fact that the white noise components ng(k), nseo(k + 1), neqa(k) and ngq(k + 1)
are independent and with equal variance of N,, and after doing some manipulations and

simplifications, we obtain the conditional SNRs of 7/ and 7% conditioned on the channel

gains in the set S = {hy ¢(k), h1o(k+ 1), hoy(k), hoo(k+ 1), hea(k), hea(k + 1)}, respectively,
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as

Yoy = EL(IGH o(k + )i gk + DG o (k)R k)
G s (R) e aR) PGS (k4 DB ok + D)/
(28, (1GH; o + 1) ok + DG k)

+1) + |Ghao(k)he.a(k)[*(G° | he,a(k + 1) + 1)) (8.3.12)

vt = E(1Ghoo(k)he,a(F)[?|Ghoe(k + 1)hea(k + 1)
+Ghy o (k) e, a(k)PIGRT o (F + 1) g 4(k + 1))
/ (2N, (|G (K)o a(k) [ (GP|hea(k + 1)* + 1)

GRS (K + i 40k + DG o ak) +1))). (8:3.13)
It is clear from (8.3.12) and (8.3.13) that ;¢ and v are free of Dy,, and Dy,,, which completes
the proof. O

Now, based on the above corollary and in order to eliminate the denominators in
(8.3.8) we choose
Dy, = Ghao(k)he,a(k) (8.3.14)

and

Dy, = Gh5 y(k + 1)hy 4(k + 1) (8.3.15)

Accordingly, the ultimate form of Dy is given as

b, _ |Gtk DRk +1) - Ghor(W)healk) | (8.3.16)

Ghs (k +1)hj 4(k+ 1) —Ghy o(k)hea(k)
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By substituting (8.3.16) and (8.3.2) into (8.3.3), we obtain f;, and 3, as

By, =By, =G Le(k +

DA o(k 4+ Dby e(k)hea(k) + G hao(k)he,a(k)

50(k+ 1)y 4(k +1).

(8.3.17)

Finally, for our M-relay network model, we can obtain the proposed SOSTD’s decoding

matrix D defined in (8.3.1), by extension, as D = [Dy, D, - -
Ghiy(k+ )7 4(k+ 1) Ghsy(k+ 1)h7 4(k + 1)
Gha1(k)h,a(k) —Ghy 1 (k)hi,a(k)
Ghio(k + D)3 g(k+ 1) Ghso(k + 1)h5 4(k + 1)
D= Ghs 2( )h2 d(k) _gh1,2(k)h2,d(k)
Ghi y (K + )Ry y(k+ 1) GRSy (k+ 1Ry 4(k + 1)
I Gho v (k) hara(k) —Ghy i (k)hoara(k)

8.4 SOSTD Output Decision Statistics

The decision statistic vector at the output of this proposed decoder, say R, = (11,79

-, D] which can be written as

T

(8.3.18)

]T

Y

can be obtained by multiplying the received signal vector Y, in (6.2.10) by the decoding

matrix D in (8.3.18) as

r JCA()
Hoa DY, =
To 0 g
—— —_——
Ry DH

where

292
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X1 w1
+
X2 Wy
Y
DN AW,

(8.4.1)

(k+ 1)hg 4(k + 1)y (k) hea(k) + G2 hoo(k) by a(k) RS (k4 1)hy 4(k+1) (8.4.2)



|M§

(Ggh”{g (k + Dhg o(k + Dhea(k)ns (k) + Gy o (k + 1hy o(k + D)nga(k) +

G?ha (k) he,a(k)hy o(k 4+ 1)n% (k4 1) + Ghao(k)he,a(k)ny o(k + 1)) (8.4.3)

M

W= (92 500k + Dby y(k + Dhea(k)ne (k) + Ghs ,(k + 1) 4(k + D)ng.a(k) —

(=1

Qth,K(k)hf,d(k)hZ,d(k + 1)ng (k+ 1) — Ghyo(k)hea(k)ng o(k + 1)) (8.4.4)

From (8.4.1), we can write the decision statistics at the output of the proposed SOSTD as

follows

Fl = ﬁle + @1 (845)
= /BIJZQ + @2 (846)

which clarifies that they are separable (i.e., without ITAI) for 27 and x4, respectively, and
thus, the proposed decoder has achieved its target. As will be shown later in the numerical
results section, by this separation the decoder provides considerable SEP improvement as
compared with the ALD for any number of relays. In addition, this performance improvement
does not require any additional decoding complexity at the destination. This is clear because
the decoding matrices of both decoders (D in (8.3.18) and H™ in (6.2.14)) share same
elements (i.e, require same complexity level of construction at the destination). It is also
worthwhile to mention that despite that the proposed decoder provides separable decision
statistics (like the optimal version of the ALD in the quasi-static fading case), it is still
suboptimal because its decision statistics’ noise terms w; and wy are statistically correlated

with the following conditional covariance

M
COV (@, ) = Z hae(k + 1)h7 (k + 1) |he,a(k + 1)

—h z( Yz, () he,a(K)[?).-
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8.5 SOSTD SEP Performance

In order to analyze the SEP at the output of the ¢-QAM demodulator that uses

the decision statistics 7; and 75 to detect x; and x, respectively, we need first to obtain

the effective SNRs of these statistics, which we can obtain them from (8.4.5) and (8.4.6)

conditioned on S = {hy ¢(k), h1o(k+ 1), hae(k), hoy(k + 1), hea(k), hea(k + 1)}, respectively,

as
|ﬁ1$1|2 ’61’2 E
7171|S - ~ = 1
Var{w,|S} n 2N,
|BI$2|2 |ﬁ1|2 E
7?2|S = ~ = 1
Var{w;|S} Ny 2N,
where
M
n = Z |hae(k + Dhgg(k + 1)*(G?|he,a(k)* 4+ 1)

|h2 6( Vhea(F)*(GPhe,a(k + 1) + 1))

M
Z |hoe(k + Dhga(k + 1)|2(G?hea(k)|* + 1)
=1

+|h1 (k) a(F)*(GPhe,a(k + 1) + 1))

(8.5.1)

(8.5.2)

(8.5.3)

(8.5.4)

Now, by assuming equiprobable transmission for z; and zs and directly using the ¢-QAM

AWGN SEP expression in (6.3.1), we can obtain the system SEP conditioned on the channel
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gains in the set § as

1 1 3 |8 E)ﬂ
PlS==-[1-(1-2(1-—
| 2{ ( < \/G)Q< g—1 ni 2N,
¥ IS
1 1 3162 E, \\°
ol (e GelVi ) | e
Vi IS

and its average (sampling mean) can be computed using computer Monte Carlo simulation

om0 el ]
A Al Bl

(8.5.6)

where 77|87 and 75, |S7 are the generated SNRs in the jth realization and N is the number
of realizations in the simulation (/N is supposed to be large enough). In the numerical results

section, we provide real link-level simulation results to verify the method in (8.5.6).

8.6 SOSTD under Static-Nodes Case

If the fading environment in the network under study is quasi-static (p,, = 1 V(a, b)),
the decoding matrix of the proposed SOSTD (D in (8.3.18)) reduces to the quasi-static de-
coding matrix of the ALD (HStatiCH in (6.5.3)). This means that, under this fading condition,
the SOSTD reduces to the optimal version of the ALD. We can also verify this because the
covariance COV (@1, W) in (8.4.7) vanish and the conditional SEP of the SOSTD in (8.5.5)

reduces to that in (6.5.5) when p,, = 1 V(a,b).
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16-QAM: Ry = 25 ksps, f.=2.4 GHz, n=2, d;;=2 and d;,;=1
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Figure 8.1. Average SEP versus E;/N, for both ALD and SOSTD with 0 and 70 mph relative
speeds, number of relays M =1 2 and 3, QAM constellations size of 16, transmission data-
rate Ry = 25 ksps, carrier frequency f. = 2.4 GHz, path-loss exponent n = 2, normalized
nodes distances dsy = 2 and d;q = 1.

8.7 Numerical and Simulation Results

Here, we present numerical results along with real link-level simulation results to
verify the theoretical analysis of the proposed SOSTD SER performance and to compare its
performance with that of the ALD for different network scenarios.

First, Fig. 8.1 is plots for the system average SEP versus Jb;—o for both the SOSTD
and ALD with different number of relay nodes and with transmission data rate 25 kbps.
Clearly, the numerical results of SOSTD SEP performance using (8.5.6) shows very good
agreement with that obtained via real link-level simulation results. As compared with the

ALD in the case of mobile nodes (70 mph), the SOSTD provides remarkable SEP performance
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Ry = 20 ksps, f.=2.4 GHz, n=3, dsy=1, diy=2 and M = 2

N
OI
lll_‘

16 — QAM

Average SEP

-
o
T

|
N

—o— 65 mph, ALD, semi-analytical
—A— 65 mph, SOSTD, semi-analytical

10°%] — = 0 mph, ALD, semi-analytical

¢ 0 mph, SOSTD, semi-analytical using

-5 0 5 10 15 20 25 30 35 40 45
E,/N, (dB)

Figure 8.2. Average SEP versus E;/N, for both ALD and SOSTD with 0 and 60 mph relative
speeds, number of relays M = 2, QAM constellation sizes of 16 and 64, transmission data-
rate Ry = 20 ksps, carrier frequency f. = 2.4 GHz, path-loss exponent n = 3, normalized
nodes distances ds ¢y = 1 and dy 4 = 2.

improvement which is close to that of the non-moving nodes scenario (0 mph). In addition,
unlike the ALD, the SOSTD does not experience irreducible floors for any number of relay
nodes. From Fig. 8.2 we can notice that the SOSTD SEP performance in case of mobile
nodes is much better than that of the ALD for different QAM constellation sizes. Further,
in quasi-static fading condition within the network (i.e., 0 mph relative speeds among the
nodes), the SEP performance of the SOSTD matches with the ALD.

In Fig. 8.3 we plot the system SEP performance of both the SOSTD and the ALD
versus nodes’ relative speeds for 4 and 16 QAM constellation sizes and transmission data-

rates of 9.6 and 25 kbps. Because the difference between the SEP performance of the
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fC:2.4 GHZ, TLZQ, d&g:l, dg,d:2 and M =1
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Figure 8.3. Average SEP versus nodes relative speeds for both SOSTD and ALD with
Es/N, = 25 dB, different transmission dat-rate values of 9.6 and 25 ksps, M = 1, QAM
constellations size of 4 and 16, carrier frequency f. = 2.4 GHz, path-loss exponent n = 2,
normalized nodes distances ds, = 1 and dgq = 2.

SOSTD and the ALD is more obvious at medium and high regions of per-symbol average
SNR, in this plot we choose E/N, value of 25 dB. From this figure, we can notice the
system performance improvement by the SOSTD over the ALD from several sides. First,
the SOSTD provides better performance than that of the ALD for any nodes relative speed.
Further, the increasing in its SEP with nodes relative speeds could be considered insignificant
as compared with that of the ALD. Similarly, we can notice from Fig. 8.4 that the SOSTD
provides better SEP performance over the ALD for a range of transmission data-rate values,

in particular, at high nodes mobility scenario.
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Figure 8.4. Average SEP versus transmission data-rate for both SOSTD and ALD with
Es/N, = 25 dB, different nodes relative speeds of 10 and 75 mph, M = 2, 16 — QAM
constellation, carrier frequency f. = 2.4 GHz, path-loss exponent n = 2, normalized nodes
distances dsy = 1 and dyq = 2.

8.8 Conclusion

In this chapter we have derived a novel space-time-decoder that can be applied at the
destination of a multiple-relay cooperative system with mobile nodes and Alamouti space-
time coding at the source. This decoder is capable to provide very close SEP performance
to that of the ZFSTD proposed in chapter 5 without any additional decoding complexity. In
addition, we have provided theoretical analysis for its decoding matrix and SEP derivations.
Comprehensive numerical and real link-level simulation results have been provided to validate
these theoretical analysis and to show the SEP performance improvement by the proposed

decoder.
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CHAPTER 9

Alamouti-OSTBC Based M-Relay Fixed-Gain AF Cooperative Systems with Mobile Nodes

and Imperfect CSI Estimation: SINR Derivation and SEP Analysis

9.1 Chapter Overview

In this chapter we follow the same OSTBC-based cooperative diversity system model
as in chapter 5 but along with the assumption of time-selective fading due to nodes mo-
bility we follow the assumption that the estimation processes at the relays and destination
receivers are imperfect. Specifically, we consider an Alamouti-type OSTBC transmission
over a multiple-relay fixed-gain amplify-and-forward (AF) mobile cooperative-diversity sys-
tem with g-ary QAM (¢-QAM) and Rayleigh frequency-flat time-selective fading channels
among the cooperating nodes due to their mobility. All of these channels are modeled by
the first-order-autoregressive (AR1) process and follow the standard large-scale path-loss
exponent propagation model. Due to imperfect CSI estimation, the estimated channel gains
at the relays and destination are assumed to be corrupted by Gaussian errors. Under these
assumptions, we employ the traditional Alamouti’s space-time-decoder (ALD) at the sys-
tem’s destination and show that the time-selective fading and the imperfect CSI estimation
destroy its orthogonality and optimality as a result of the non-separable interfering terms
and statistically correlated decision variables that appear at its output. By dealing with
the interference terms as additional random variables, in addition to the overall background
Gaussian white noise components, along with benefiting from the AR1 model, we derive
exact closed-form expressions for the decision variables’ instantaneous SINRs. From these
SINRs, and by exploiting the central-limit-theorem (CLT), we provide very tight approxi-

mate closed-form expression for the system’s symbol-error-probability (SEP) conditioned on
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the channel gains in the overall system’s channel gain-matrix. From this obtained conditional
SEP expression, we semi-analytically (based on the sampling mean concept) compute the
system’s average SEP performance and verify it via realistic link-level simulation. Moreover,
we show that this SEP performance is severely degraded and experiences irreducible error
floors, which are also quantitatively determined. We show that, as a special case of quasi-
static fading and perfect CSI estimation, the decision variables’ correlation, the interference
terms and the error floors all reduce to zero; i.e., ALD reduces to its originally designed

optimal version in such scenario.

9.2 System Model
9.2.1 Fading link and signal model

We consider here the same mobile OSTBC-based cooperative system model as in
chapter 5, which we describe it here again. We have a mobile AF cooperative system with
source node S, destination node D and M relays Ry, Rs,- - -, Ry S is equipped with two
transmit antennas (e.g. corresponding to a base station), while the relays and D each
equipped with single antenna and work as mobile terminals. Let h;, and hy 4 denote the
channel gains for the fading links from the source ith transmit antenna (i € {1,2}) to the
(th relay and from the (th relay to the destination, respectively. We assume that h;, and
he.q have Rayleigh envelop and uniform phase, and thus, distributed as zero-mean-circularly-
symmetric-complex-Gaussian (ZMCSCG); i.e., hiy ~ CN(0,07,) and hyq ~ CN(0,07,). To
take into account the effect of the path-loss, 07, and o7, are given as 1/d?, and 1/d},,
respectively, where d;, and d;4 are the S-R, and R,-D distances and n is the path-loss
exponent. Due to nodes mobility, all of the system’s fading links (say the link from antenna
a to b) are characterized as time-selective and modeled by the first order autoregressive

(AR1) process as (6.2.1)

ha,b(Tl) = pa,bha,b(TQ) + \/ 1 - pz’bea,b(Tl) (921)
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where the pair (a,b) € {(i,¢),(¢,d)}; 7 and 75 denote any two adjacent signaling period
positions, the random process e, (k) ~ CN (0, ag,b) is the varying-component of the associ-
ated link, and p,, = \70(%) [16] is the associated link’s correlation-parameter; where
Ugp 18 the relative speed between nodes a and b, R, is the transmission symbol rate, f. is
the carrier frequency, c is the speed of light and Jy(.) is the zeroth-order bessel function of
the first kind. Observe that when v,;, = 0, p, is 1, and by considering this in (9.2.1), the
fading turns to be quasi-static because, in this case, hqp(71) = hap(72). Also, it is assumed
that p1, = pas £ pse- At S, the modulated (using g-ary QAM) complex symbol sequence
{x;} (each with energy E,/2) is parsed into code vectors x = [y, z5]7 and then transmitted

over space and time as Alamouti-OSTBC matrix [33]
X = (9.2.2)

Broadcasting this OSTBC matrix X over the cooperative system under study, based on the
transmission phases described in chapter 5, results in the following 2M x 1 received signal

vector at the destination (6.2.10)

y1,4(k) Gha(k)nsa(k) + naa(k)
yr gk +1) Ghy 4k +1)n% (kK +1) +nj 4(k+1)
X
|+ : (9.2.3)
€2
Yara(k) _—— Ghara(k)ns ar (k) + nara(k)
_y;;/l,d(k + 1)_ _ghM,d<k + 1)”:,1(]{ +1) + n}kw,d(k + 1)_
_/_/ . ~ J
Y, overall effective noise vector Ny
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where

ghl,l(k)hl,d(k) ghzl(k')hl,d(k)
Ghy (k+ Dby 4(k+1)  =Ghi (k4 1)hi 4(k + 1)

Gha i (k)hoara(k) Ghori (k) har,a(k)
| Ghs v (k4 DRy (k4 1) =GhT (k4 1)hy, 4(k+ 1) ]

is the system’s end-to-end channel-gain matrix; ng(k), nso(k+1), ngq(k) and ng 4(k+1) for

all £ ={1,2,..., M} are the background white noise samples (~ CN(0, N,)) that corrupt the

E
Es+No

corresponding system fading links, and G = is the fixed amplification gain computed

at the relays.

9.2.2 (CSI estimation

Despite that the fading links in this work are assumed to be time-selective (i.e., rapidly
time-varying), we assume that the relays and the destination tracking loops are capable of
estimating the channel gains of their corresponding fading links over the individual signaling
periods. Several algorithms have been proposed to track and estimate time-selective (time-
varying) fading channel for space-time block coding [45] and [46]. However, unlike the work
in chapter 5, we follow here the more practical scenario and assume that these estimation
processes are imperfect (i.e., channel estimation error is significant). Thus, the estimated

channel gain over the 7th signaling period, say ﬁ&b(T), can be related to the actual one

hap(T) as [49]

~

hap(T) = hap(T) + hg 4 (T) (9.2.4)

where h (1) is the estimation error, which is assumed to be ZMCSCG with variance o7,

(i.e., ~CN(0,0% ).

’ €a,b

b
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9.3 ALD Decision Variables

Employing the ALD at the system’s destination requires first a knowledge of the
system channel-gain-matrix at the receiving side. Because in this work we assume, along
with the time-selective fading assumption, imperfect channel estimation, we can write the

estimated version of our system channel-gain-matrix H as

(b1, bl
b1 bas
H=|: (9.3.1)
by b
021 b2

where

b1y =G (he(k)hea(k) + hao(k)hg (k) + hS o(k)hea(k) + hS ,(k)h§ 4(k))
b1 0= G (hoe(k)hea(k) + hog(k)hg 4(k) + g o(k)hea(k) + h (k)h§ 4(k))
b5, =G (h3 (k + D)hy o(k + 1) + h o (k + 1) 4(k + 1)

+h5 ok + 1)y 4(k + 1) + b5 (k 4+ 1)h 4(k + 1))

bg2 =—G(hi ,(k+ 1)h; 4k + 1) + h} (k + 1)h 4(k + 1)

+h] (k4 1)hy 4(k + 1) + b (k + 1R 4(k 4 1)).

The last equality in (9.3.1) is obtained after substituting for hq(k) and g ,(k+1), ¥(a,b) €
{(1,0),(2,0),(¢,d)}, as in (9.2.4). Now, we can apply the ALD at the system’s destination
just by multiplying the the received signal vector Yy in (9.2.3) by the hermitian of H (fIH)
The resulted two elements from this multiplication, which are the ALD’s decision variables

corresponding to the two transmitted symbols z; and x5, can be given after doing some
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simplifications, respectively, as

where

desired-signal of z1 £ A;

. A
overall-interference-term; = 77
7\

N f‘/\ ~ ™~
Y= B1r1 + €2 + &
~ ———
nodes-mobility-interference imperfect-CSl-interference
overall-white-noise-term; £ X1
o\
(e —~ ~ )
+ ny + U1
white-noise-term imperfect-CSI-white-noise-term
desired-signal of zo £ As overall-interference-terms = 7o
- ~ =~ - %
Y2 = Bay + +

C*$1
~—

nodes-mobility-interference

overall-white-noise-terms £ Yo
7\

+ N9y
~—

white-noise-term

+

Uy
~—

imperfect-CSI-white-noise-term

Voxg + Eaq
———

imperfect-CSI-interference

M
B1=G>> (Ihe(k)he.a(k)[* + |hoe(k + Dhga(k + 1))
(=1

M

C=G" (W5 (k) ho (k) e,a(k) = hou(k + 1R o (k + 1)[hea(k + 1))

(=1
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(9.3.2)

(9.3.3)

(9.3.4)

(9.3.5)



0 =G Z|h1e )2hea(k k) +G* Zhle MNhea(k)*he] (k)

G bR hea(k) | o~ )
+ PR +Gg |hao(k + 1)|°hj 4o(k + 1) 4(k + 1)
hel o(k)hey 4(F) ; ’ b b
o

I

G> 320ty I (K + V)i gk

+G2 > Ry (k+ 1) hea(k + 1)PhS(k + 1) + ‘
Z Nhe.al )*he2.6( )+ +1)hs ,(k + 1)hg 4(k + 1)

TV
91
Ig

(9.3.6)

M
§=G2> (M o(k)ha e (k) hea(k)hG o(k) + [hea(k) [P hae(k) + oo (k) e a(k)RT o (k)
(=1
% (k) — Bk + D30 + DB ok + Dk + 1) = [alk + P

Lok + DRk +1) = hi (k+ 1)k 4(k + 1)hao(k + 1) a(k +1)).  (9.3.7)

M

~ 27 % 2 * * 2
- 1, ) Sy 5 ) ) B
=Y (G°h; o(k) | he.alk)Prs (k) + G (k)R g(K)nga(k) + Ghoo(k + 1)

/=1
|he,a(k + 1))*n (k + 1) + Ghao(k + Dhga(k + 1)n; 4(k + 1)) (9.3.8)
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M

U = Z G*h; (k)he,a(k)nge(k) + Z G*h k)b (k) he,a(k)nse(k) + Z G*

o=

(=1

TR a(k)he,a(k)ns,e(k +Zgh k)ng.a(k —i-zg k)hj 4(k)

ne.q(k) + Z Gh (k)ne,a(k) + Z G?hao(k 4 1) g a(k + 1)hy 4(k + 1)

M M
nl(k+1)+ Y Gho(k+ Dhgg(k + 1R 4(k + Dk (k+1) + > G2

(=1 /=1

M
hse(k + DR y(k)hg ok + D)nZo(k + 1) + > Gho(k + 1)hpa(k + 1)

/=1
M M
np gk + 1)+ Ghop(k+ Dhoa(k + g (k+ 1)+ > Gh%e(k+1)
/=1 (=1
G a(mg o(k + 1) (9.3.9)
M
By =G? Z(|h27g(k:)hg7d(k:)|2 + |he(k + 1) hea(k + 1)]?) (9.3.10)
/=1

=g’ Z |ha,o (k) [P, a(k)hG g(k) + hoo (k) [he.a(k) PR (k) 4 hoe(k)hea(k)hs (k)

e,d( ) 4 |he(k + )’2}1201(]‘7 + DA ok + 1) + h7 (b + 1)[hea(k + 1)[?

heie(k+ 1) 4+ hi (k4 Dhg o(k + 1)hS ,(k + 1)hi 4(k + 1)) (9.3.11)

M

G* > (15 o (k)ha o (k) hoa(k)R 4(k) + [hoa(k)[*hy (k)B4 (k) + hao(k)hea(k)

/=1
S (k)G 4(k) = hae(k + 1)hs ,(k + 1Ay g(k + Dh%e.alk + 1) = |hea(k + 1)

s o(k + )Ry o(k + 1) — b3 (k + 1)h; 4(k + )Ry o(k + 1) q(k + 1)) (9.3.12)
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M
My = (G*h3 (k) lhe.a(k)Prs (k) + Gh3 (k) y(k)na(k) — G*hag(k + 1) hga(k + 1)

/=1

g ok +1) = Ghue(k + Dhea(k + g 4(k + 1)) (9.3.13)

M
Ta=G Y _(Gh3 ((k)h} (k) he.a(k)nso(k) + GRS (k)h] 4 (k) he.a(k)ng (k) + Ghes (k)
/=1
WG a(k)hea(k)ns e (k) + hi (k)R g(k)nea(k) + 1 o(k)hg g(F)nea(k) + 7 (k)
R a(B)nga(k) — Ghyo(k + 1)h S a(k + 1)hy 4(k + 1)ng (b +1) — Ghy o(k + 1)
hea(k + 1)hy o(k + 1)ng (k4 1) = Gh®y o (k + 1)h% o (k) by o(k + 1)ng (k + 1)
—hyo(k + )R pa(k + 1)ng o(k + 1) — heyo(k + Dhga(k + 1)nj 4(k + 1)

—hye(k 4+ 1) 4(k)ng 4(k + 1)) (9.3.14)

Because in this work we follow the more practical assumptions of time-selective fading en-
vironment and imperfect CSI estimation processes at the relays and the destination, the
obtained decision variables y; and ys are nonseparable for x; and x5, respectively (see the
interference terms Z; and Z,). The imperfect CSI estimation assumption also adds addi-
tional white noise components to these decision variables, which are v; and vy. Moreover,
as an impact of both the time-selective fading and the imperfect channel estimation,
and y, are non independent. This is because that their effective noise terms x; and y» are
correlated and have conditional covariance given by (9.3.15). It is worthwhile to mention
that if the system’s fading environment is quasi-static (i.e., pop = 1 V(a, b)) and the estima-
tion processes are perfect (i.e., (he,,(7) = 0 V(a,b)) the interference terms Z; and 7y, the
imperfect-estimation white noise terms v; and vy and the statistical correlation in (9.3.15)
reduce to zero. This means that y; and 75 are separable corresponding to x; and xs, respec-
tively, and also independent to each other (in this case, the ALD is optimal ML). However, in
the following section, we analyze the SEP performance of this system considering the more

general scenarios of time-selective fading (i.e., p,p < 1 V(a,b)) and imperfect estimation
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(he,,(7) # 0), which has not been done before in the literature.

EfGIS] = 6PNl (1 (k) hoo(k)|hea(k) P (G2 hea(k)
1) = hae(k + Dhi(k + Dlhea(k + 1)[*(GPlhea(k + 1)]> + 1))
(G2h5 o (k)| hga(k) | (hoe (k)R o a(k) g (k) 4 B (k) hga(k)Rg (k)
heae(R)hSoa(k)g o(K)) + 17 o(R)h o (k) (hae (k)P e.a(k) + heo,e(k)hea(K)
heou(k)ha(k)) — GPhoe(k + D)lhea(k + 1)P(R](k + 1)h 4
Dhea(k + 1) + b5k + Dhj (b + Dhea(k + 1) 4+~ (
Dh<a(k)hea(k  + 1)) — hoe(k + Dhea(k + 1)(h7 (K +
DA (k + 1) + b5 (b + Dhi (k + 1) + b5 (k + 1)h<a(k))) +
(G?hao(k)|hea(k) P (B3 (k)R a(R)hea(k)  + B o(R)hg o (k)hea(k)  +
heye(R)h a(R)he,a(R)) + hao(k)he.a (k) (R (k)R a(R) + 7 (R)hi o () +
hey o(k)h 4(K)) = GPh5 y(k+ 1) By a(k+1) [ (hoe(k+1)h g a(k+1)hj 4(k+
1) + hou(k + Dhea(k + 1)hi 4(k + 1) + hooe(k + 1A 4(k)h7 4(k +
1) — i (b + Dhig(k + D)(hoe(k + Dha(k + 1) + Rk +
Dhea(k + 1) 4+ hoe(k + 1 k) + (G*(h5 (k)G (k) healk) +
k)hi g(k)hea(k) + he (k)h a(k)hea(k))(ha,e(k)hra(k)hi 4(k) +
Yhea(R)hg o(k) + hoe(k)h oa(R)hi (k) + (B (k)ha(k) +
hiak) + h(R)h (k) (hae(R)hSa(k) + hoae(k)hea(k) +
heoe(k)hea(k)) =G (hao(k+1)hpa(k+1)h; y(k+1)+hoe(k41)hea(k+
DRy g(k+1)+h o (k+1)h 4 (k) Ry 4(k+1)) (7 ((k+1)h 4(k+1) hea(k+

)

(

+ o+ o+ o+ o+

k
k +

1o

hea ok

hes (k)b g(k
(

1) + he5 ok + 1)B7 gk + Dbk +1) + 55 o (k + D a(k)hea(k + 1)) -
(hoo(k+1)h% (k?+1>+h62g(k+1)hgd(k?+1)+h€2g(k?‘i‘l)hezd( ))(hf@ k+

DR 4(k 4+ 1) + b5 o (k + 1)h; 4(k + 1) 4+ he] 4 (k + 1)herq(k)))
(9.3.15)
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where

S=8US*
S = {h1y(k), h1o(k + 1), hoo(k), hoo(k 4+ 1), hea(k), heg(k +1) : V0 =1,2--- M}

S = {hi,é(k)a jel,é(k + 1)7 g,@(k)v g,é(k + 1)7hzd(k)7 hz,d(k + 1) D V= 172 ' aM}

9.4 System Conditional SEP Analysis

The decision variables 77 in (9.3.2) and 75 in (9.3.3) are used by the destination ¢-QAM
demodulator to make decisions about the two transmitted symbols z; and x5, respectively.
Here, we use these two decision variables to analyze the system symbol error probability
(SEP) at the ¢-QAM demodulator output. However, due to the complicated form of the
decision variables y; in (9.3.2) and » in (9.3.3), which complicates deriving the SEP of
the system model under study from scratch, we propose here an approach that allows us to
directly utilize the AWGN SEP expression in (6.3.1) in evaluating this system SEP. Basically,
this proposed approach is based on (i) deriving explicit closed-form expressions for the SINRs
of the variables y; and g5 (ii) showing that the overall-interference terms (Z; and Z,) and the
overall-white-noise terms (Y1 and X3) in (9.3.2) and (9.3.3) are complex-Gaussian or fairly

approximated as complex-Gaussian, which we do in the following subsections.

9.4.1 Conditional SINR of the first decision statistic

It is clear from (9.3.2) that the decision variable y; is a function of the channel gains
in the set S = {hae(k), hae(k + 1), hoo(k), hoe(k + 1), hya(k), hea(k + 1), b ,(k), b (K +
1), hs o (k), b o(k + 1), hg 4(k), b g(k + 1) © V0= 1,2, M}. However, in order to simplify
the derivation of its conditional SINR (say =), we propose to derive it conditioned on the

set 81 = {h1o(k), hoe(k + 1), hoa(k), hea(k +1) : V€ = 1,2 M} Tt is clear now from

!The channel gains in this set are the ones that appear as coefficients of the desired-signal term in the
decision variable g1 in (9.3.2).
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(9.3.2) that 71|S; can be expressed as

P(A[S1)
P(Z:[S81) + P(X1|S1)

’71’51 =
|81 (Es/2)

P(CI81)(Es/2) + P(01[S1)(Es/2) + P(&]S1)(Es/2) + P(111]S1) + P (01]51)

(9.4.1)

where P denotes the power operator. In the following we discuss how we can evaluate

P(C|S1), P(¥1]S1), P(&1]S1), P(n1]S1) and P(v;|Sy). First, it is clear from (9.3.5) that ¢ is a

function of the elements in S; as well as of hy(k + 1) and hye(k). Therefore, conditioned

on Sy, ¢ is a random variable with respect to both hy ¢(k + 1) and ho (k). To find P(¢|S1),

we propose first to utilize the expression of the AR1 model in (9.2.1) to write hj ,(k + 1) in

terms of hy (k) and he (k) in terms of hyy(k + 1), respectively, as follows

ek +1) = poehi (k) + /1 = p? el (k + 1)
h27g<k') = ps’ghg’g(k + 1) + \/ 1-— ,Ogjezg(k?).

By substituting (9.4.2) and (9.4.3) into (9.3.5), we can expand ( as

C=G"> (psihi o(k)hoe(k + 1) (|hea(k)]* = [hea(k + D)%)

(=1
(. J/
v~

p1

+g2 Zﬂﬂil(’\/ L- pg,éhié(k’)’hﬁ,d(k)|2€2,z(/€) — /1= pg’g

hao(k + 1) hea(k + 1)[2e; ,(k + 1))

(. J

v
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(9.4.2)

(9.4.3)

(9.4.4)



It is obvious from (9.4.4) that because e ,(k + 1) ~ CN(0,07,) and ey (k) ~ CN(0,03,),

¢|S; is a non-zero mean complex Gaussian with mean p; and variance given as

M
Var[¢ | Si] = Var[yy | Si] = 942 (1= p2,) (03 | hae ()|

|hg’d( )‘ + 03 dhgg ]f -+ 1)’ ‘he}d(l{ -+ 1)‘4)) (945)
Given ( in (9.4.4), the power of ¢ | §; can be obtained as
P(C | 81) = [pu|* + Var[gy | Si]. (9.4.6)

The parameter ¥; in (9.3.6) is function of the elements in S; as well as of the estimation
errors h ,(k), by (k + 1), hi4(k) and hf 4(k + 1). Therefore, ,[S; is random variable with
respect to these estimation errors. Since h, (1) ~ CN(0,02 ) V(a,0) € {(1,0),(2,0), ((,d)}
and 7 € {k,k — 1}, we can evaluate the mean and the variance of ¥;|S;, respectively, as
follows

E[9,]S:] = 0 (9.4.7)

M

Var[01|Si] = G* > (|hae(k)*|hea(k) o7, , + hao(k)Plhea(k)[ 02, + [hao(k)?
/=1
a(

|hg7 k)) QO';Z 64,1 + |h24(l€ + 1)| |hgd<k? + 1) eéd + |h24(l{? + 1)|
hea(k + D', , + |hoe(k + D) P|hea(k + 1) P02, 02, ) (9.4.8)

and thus, its power can be given by

P(%1|S1) = Var[0|S1]. (9.4.9)

Moreover, we can notice from (9.3.6) that the densities of the terms of ¥J;, conditioned on

S, are complex-Gaussian (specifically ZMCSCG) except the terms I5* and Ig'. IJ'|S; is
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sum of multiplications of two ZMCSCG random variables; i} ,(k) and h€; 4(k), while 1218,
is sum of multiplications of the two ZMCSCG random variables h%, ,(k +1) and h 4(k +1).
However, with the help of the central-limit-theorem (CLT) [50], IJ*|S; can be approximated
as ZMCSCG random variable (see Appendix A). Similarly as I2'|S;, I7'|S; can be also
approximated as ZMCSCG, and thus, 9;|S; can be fairly approximated as ZMCSCG as
well. As can be seen from (9.3.7), & conditioned on & is random variable with respect to
hao(k + 1), hae(k), h (), h (K + 1), hf 4(k) and hf 4(k + 1) V€. Now, in order to simplify
the evaluation of its power P(&;|S;), we first substitute (9.4.2) and (9.4.3) into (9.3.7), which

leads to expanding &; as

— Zz]\i1 G?psihae(k +1) 241\11 QQ\/ L — p2 i o(F) Ze]\i1 G?psihoo(k+1)

5 * * *
F (R hea(R)e (k) hea(R)h o(k)eao(k) —  hea(R)PRT (R)
i 5 s
M ~2 2 2 M
+ZZ:1 g *\/ 1 - ps,£|h€,d(k)| X 23:1 QQf*s,ehgyg(i + 1)hg7d(k‘)
5 (k)ese(k) R AR)
M *
+Zf*1 g V 1*_ P ihea(k) B Zyi G?ps.ehi o(k)hae(k + 1)
helo(k)heg a(k)ese(k) hia(k + 1)h<gq(k + 1)
NG L= P ha(k + Dbk +1) SN G2, b, (k)
héga(k + 1)61‘,((1{7 +1) Jhe,d(k’ + 1)|2heoo(k + 1)/

LG\ R lhealk + 0P ST G ()R ok + 1)

heoo(k +1)e o (k + 1) sk + Dhega(k+1)

LGP P2 gk DRk 1) (9.4.10)
heéga(k + 1)et (k +1)

[ J/
-~

3
I
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It is shown now from (9.4.10) that &|S; is random variable with respect to es ¢(k), €1 0(k+1),
S o(k), hgo(k + 1), h4(k) and hg 4(k + 1) VL. eg0(k) ~ CN(0,03,), which we can evaluate

its mean and variance, after doing some simplifications, respectively, as

E&|S] =0 (9.4.11)
M
Var(6,]81)=G") ((!hu(k)IZ\he,d(k)I%ﬁg,d +lhealk)l'a?, , + lhea(R)Po?, 07, )
/=1

(0 elhze(k + D)1 + (1 = p2 )a3,) + (Jhee(k + 1) hea(k + 1)

aﬁm + |hea(k + 1)|4U§M + |hea(k +1)|?02 o2 )(pi”hl’z(k)ﬁ

€20 €rd

HL= 420t ) (9.4.12)
and thereby, its power is given as

We can notice from (9.4.10) that, conditioned on Sy, the terms ]fl, I§1, ]$1 and Igl are exact
ZMCSCG while the remaining terms are not. However, as similar as approximating [;? 'S,
as ZMCSCG as in Appendix A, we can approximate I5'|Sy, IS8y, I5'Sy, I§'|Sy, I5|S
and I%|S; as so. The remaining two terms I5'|S; and I5|S; are sums of multiplications
of three ZMCSCG random variables, which, can be also approximated with the help of the
CLT as ZMCSCG (see Appendix B). Finally, we can conclude that & |S; in (9.4.10) can be
fairly approximated as complex-Gaussian. The noise term n; in (9.3.8) is function of the
channel gains in the set S; as well as of the the noise components n ,(k), nga(k), n} ,(k+1)
and nj 4(k + 1) for all £. Because n(k), nea(k), nf,(k + 1) and nj ,(k + 1) for all £ are
statistically independent and distributed as ZMCSCG with variance N, (i.e., CN(0, N,)),
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n1|S; is ZMCSCG random variable which has the the following conditional power

P (7|8, ¥Var(7,|S;) = N,G? Z(mw(k)hm(k)|2(gz|hg,d(/<)\2 +1)+
/=1
|hao(k + Dhea(k + 1)|*(G?|hea(k + 1) + 1)). (9.4.14)

The term v; in (9.3.9) is, conditioned on S, a random variable with respect to n(k),
nea(k), nk(k+1), nj,(k+1) as well as to h{ ,(k), hg ,(k+1), hj 4(k) and hf ,(k+1). Given
that ny(k), nea(k), nf(k + 1), nj4(k + 1) are ~ CN'(0, N,)); and hg (1) ~ CN(0,02 )
V(a,b) € {(1,0),(2,¢),(¢,d)} and 7 € {k,k — 1}, the mean, variance and power of v;|S; can

be evaluated, respectively, as

E[5,]S;] = 0 (9.4.15)

€e,d €10 €r,d

M
Var(D1[81) = G*No > (([he.a(B) > + D (|l e(k)Po?, , + hea(k)Po?,, + 02, 02, ) +
=1

(|he,a(k + 1) + 1) (Jhop(k + 1) 02, + |hea(k + 1)|?02,, + 02, 02 )

€¢,d €20 €20 €rd
(9.4.16)
and

By approximating the non complex-Gaussian terms of U, as ZMCSCG (as similar as approx-
imating I7'|S; and I$'|S;) we can approximate 0;|S; as ZMCSCG as CN(0, Var(D,|Sy)).
Finally, by substituting (9.4.6), (9.4.9), (9.4.13), (9.4.14) and (9.4.17) into (9.4.1), and after
doing some simplifications, we can obtain the ultimate form of 7,|S; in terms of channel

gains in set Sp, system links’ correlation parameters p,;, estimation errors variances azab,
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Es
and No as

|0 (e (k) a(k)? + |hae(k + 1)hea(k + 1)) [ 22

| St (Pl f(B)hzek + D (lhea®)? — Iheatk + DP))[ 5
S ((1 - P2 ) (03 ol 1o (R) P hoa(R)* + 0F flhae(k + 1)?|hea(k
DY)+ a2 B hea®)P A+ hae(R)Plea(R)] 07
he(k)Plhea(R) 0?02, + |hee(k + DYhea(k + 1)P0?,,
|hao(k + 1)P|hea(k + D[*o?,, + [hoe(k + 1)Plhea(k + 1)PPo 02,00, +
(Ih1e(R)?02, [hea(R)[? + |hea(R)|'o eu+|héd(/f) 200, )05l hoe(k +
D+ (1 = p2ody) + (Ihee(k + 1)P|hea(k
D' oc,, + lhea(k + D)0, 02, )03 he(R)* + (1 - PI)0L)) o +
230, (1P (k) hea(k) P (1 he,a(k) 2+ g2 )+ hoe(k+1)he a(k+1) 2(|hea(k+
DP + g2) + ([heaB) P+ D(|hae(k) oz, + 02, |hea(k)) + 07, 02, ) +

(Ihea(k + D) + 1) (|hoo(k + 1)o7, , + |hea(k + D)o, + 02,07, )
(9.4.18)

1|81 =

.
+
.
.

) Eed + |h’€d(k +

The instantaneous SINR v;|S; is a random variable in terms of hy o(k), hoo(k + 1), hya(k),
hea(k +1) = V0 = 1,2 -, M, which are Rayleigh distributed gains, and because of its
very complicated form, deriving its probability-density-function (pdf) or moment-generating-

function (mgf) is intractable.

9.4.2 Conditional SINR of the second decision statistic

Similarly as 71, ¥2 in (9.3.3) is function of the channel gains in the set S described in
(9.3.16). However, in order to simplify the derivation of its conditional SINR, say 72, we do

that conditioned on the channel gains in the set Sy = {hy ¢(k+1), hoo(k), hea(k), hea(k+1)}%

2The channel gains in this set are the ones that appear as coefficients of the desired-signal term in the
decision statistic g in (9.3.3).
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From (9.3.3), we can now obtain 7, conditioned on S, as

P(A[Ss)
/5 P(Z,|8s) + P(X2|S2)
_ 52| (Es/2)
P(¢*|S2)(Es/2) + P(92]S2)(Es/2) + P(&2]S2)(Es/2) + P(12]Ss) + P(02]S2)

(9.4.19)

It is clear from (9.3.5) that the conjugate of ( is function of the elements in Sy as well as of
hy¢(k) and hoe(k +1). Therefore, conditioned on Sy, ¢* is random variable in terms of both
hye(k) and hoe(k + 1). With the help of the AR1 model in (9.2.1), we can write hy (k) in

terms of hy o(k + 1) and A3 ,(k + 1) in terms of hy (k) respectively, as follows

hl,g(/{i) = ps7gh17g<k’ + 1) + \/ 1-— p§’£€175(/{7) (9420)
3 o(k 1) = poehi (k) + /1 — p2 g5 (K + 1). (9.4.21)

By substituting (9.4.20) and (9.4.21) into (9.3.5), we can express (* as

G S, (peh e+ 05 (1) 9 Kmi (/1= 0Ll (D)l Per(R) =
(|h€7d(/€)|2— |h£,d(k+1)|2))/ / Psgh1g(k’+1)|h£d(k+1)|2€ze(k+1))

-~

2]

¢ =

N J/

1#2

(9.4.22)

Because e} ,(k) ~ CN (0,07 ,) and €3 ,(k+ 1) ~ CN(0,03,), ¢* in (9.4.22) is, conditioned on
Ss, a non-zero mean complex-Gaussian with mean p5 and variance Var[y), | So| that is given

by

M
Var(ty | 8o = G (1 = p2) (03 ol hae(k + 1) P |hea(k)* + 0F o[ ho e (k)P [hea(k + 1)[*)).
/=1

(9.4.23)
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We can now obtain P((*[S,) as
P((*[82) = |paf® + Var[, | Ss. (9.4.24)

The element 5 in (9.3.11) is function of the elements in Sy as well as of the estimation errors
hs o(k), S (k+ 1), hg (k) and hy,(k + 1). Thus, ¥5|S; is random variable with respect to

these estimation errors, and we can evaluate its mean, variance and power, respectively, as

E[dS] = 0 (9.4.25)

M
Var(d|S2) = Z oo (k)| [hea(R) Po?, , + [hoe(k) Plhea(k)*oZ, , + [hoe (k)|
|, () 02, ,0ep s+ 1he(k + D hea(k +1)1%07, , + [hae(k + 1)

\hea(k+1)|* m + |h1o(k + 1) P|hea(k + 1) P02 02, ) (9.4.26)

51(8 €e,d

P(05|S2) = Var(s|Ss). (9.4.27)

By following the same CLT-based approach we followed to approximate 1,|S; as ZMCSCG,
2|Ss can be fairly approximated as ZMCSCG as CN (0, Var(3]S2)). & in (9.3.12), con-
ditioned on Sy, is random variable with respect to hoe(k + 1), hie(k), hs ,(k), h{,(k + 1),
hg 4(k) and h{ 4(k + 1), and by expanding hy (k) and A3 ,(k + 1) as in (9.4.20) and (9.4.21),
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respectively, we can expand it as

S

£2=G% (psehrelk+ 1)h3 ((k)hea(R)h (k) + /1 = p2 b5 (k) he.a(k)h y(k)er o(k)
/=1
+pschio(k+ 1)hea(k)*he (k) + /1 = p2 lhe.a(k) PR g (k)er o(k) + pa
hek + Dhea(k)h ()R () + /1 = p2 e al(R)RES (KR a()en ()
—psch o (K)he(k + )R] y(k + DA a(k + 1) — /1= p2 jhae(k + 1A 4(k + 1)
ha(k + 1)eb o (k + 1) — pgohs (k)| hea(k + 1)*h ok + 1) — /1 — P2

\hea(k + 1)[*he1o(k + 1)es o(k + 1) — pseh o(k)hi g(k + 1)h 1o (k + )R q(k + 1)

—/1 = P2 hi (k4 D)ho(k + 1R a(k + 15 o(k 4 1)). (9.4.28)

This clarifies that £,|S, is random variable with respect to ey ¢(k), e20(k+1), h5 ,(k), hi ,(k+
1), hf 4(k) and h{ 4(k + 1). Based on this, we obtain the mean, variance and power of &|S,,

respectively, as

E[6,]S2] = 0 (9.4.29)

M
Var(&]82) = G4 ((hau(k)Plhea(k) P02, , + [hea(k)[*02,, + |hea(k)[*0?, 02, )
=1
(0% elhe(k + V)PP + (1= p2 )oi ) + (he(k + 1) P hea(k + 1)o7,
Hlhpa(k + )02, + |hea(k + 1) P02 02, )03 il hae ()P +

(1= p3o)os,)) (9.4.30)

Similarly as &[S, we can use the CLT and approximate &|S; as CA(0, Var(&,|Sz)). Like 7y,

ny in (9.3.13) is function of the components ng¢(k), nea(k), n},(k+1) and nj ,(k+1)V{, and
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thus, conditioned on Sy, it is ZMCSCG random variable and we can obtain its conditional

power as

M
P(712|8;) £ Var(7ia]Sa) = NoG* > (| e(k + Dhya(k + 1)*(G|he,a(k + 1)* + 1)
/=1

+|ho,e(k)he,a(k) P (GPhea(k)|* + 1)). (9.4.32)

From (9.3.14), we can observe that 0,|S; is random variable with respect to ns¢(k), ngq(k),
ng(k+1), nj,(k+ 1), hs,(k), hi,(k + 1), hj,(k) and hf,4(k + 1), and after doing some

simplification, we can obtain its mean, variance and power, respectively, as

€e,d €20 €207 €r,d

M
Var(D2|S:) = G*No > (([he.a(k) > + D) (|hae(k) o7, , + |hea(k)o?,, + 02, 02, ) +
/=1

(Jhe.a(k + D)2+ D) (|he(k + 1) P02+ |hea(k + 1)|2031,£ + 02 o2 ))

€e,d €1, €ed
(9.4.34)

140



By substituting (9.4.24), (9.4.27), (9.4.31), (9.4.32) and (9.4.35) into (9.4.19), we obtain the

ultimate form of v|S, as

%wé:\zﬁgmummm@m%+muw+1mmw+4»}%
[ (pushis (W hae(k + D(lhea(R)? — Jhealk + D)2 +
Sl (1 = p2) (0% lhae(k)Plhea(B)* + 03 Jhee(k + 1) [hea(k +
DY)y + o2, Jhae(B) [ hea(R)? +  |hoe(R)Phea(R)|'02,,  +
|ho (k)P hea(R)?0?, 02, + Nhe(k + D*hea(k + Dfo?, , +
[he(k + DP|hea(k + 1|02, + [hae(k + D hea(k + 1?0?02, +
(Ihae(K)Po?, |hea(k)? + [hea(k)| o m+|hed(k‘) 2000, (03 olha (K +

D+ (1 = pgoie) + (lhae(k + 1) |hea(k
DI*o? , + |hea(k + 1)[P0? 02, )03 olhoe(R) + (1 = p3,)os,)) 5 +
2500 (Ihae (k) e, a (k)P (e, a(k) 2+ g )+ e (k1) by a(k+ 1) [P (| g, a(k+
D+ g2) + (|hea(B) P + D)(|hoe(k) P02, , + 02, |hea(K)[* + 02, 02, ) +

(Ihea(k + D> + D) (|hre(k + V)02, + Nhea(k + 1?07, + 02 02, )

€10 €¢d

Do, , + [hea(k +

(9.4.36)

which also has intractable form to derive its pdf.

9.4.3 Conditional SEP expression

Without loss of generality, we can express the overall SEP at the output of the ¢-

QAM demodulator, conditioned on the channel gains in the set S described in (9.3.16), say
P.|S, as

P.|S = Pr(x,)P"|S, + Pr(xy) P”|S, (9.4.37)

where Pr(x;) and Pr(z) are the symbol transmission probabilities of z; and x9, respectively;
and PY|S; and P¥2|S, are the conditional probabilities of symbol error decisions made by the
¢-QAM demodulator in estimating x; from y; (conditioned on S;) and in estimating x5 from

y2 (conditioned on Ss), respectively. By assuming equiprobable symbol transmissions for z;
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and s, i.e., Pr(z) = Pr(z,) = 1, and directly using the AWGN-system’s SEP expression
in (6.3.1) to evaluate PY1|S; (by replacing 7 by 71|S1) and P¥2|S, (by replacing 7 by 72|S2)?,

we can obtain P,|S in the following (approximate) closed-form as

Aol el )
_(1_2<1—%>Q< qflvzysa))Q). 9.4.38)

As an impact of the nodes mobility and/or the imperfect channel estimation, the system’s

SEP performance experiences sever degradation especially at high values of the per-symbol
average SNR ﬁ—i This degradation is mainly represented by irreducible conditional symbol

error floors PF|S that can be evaluated as

1 1 3 ?
F — 1 f— —_—— —_— —_—— — F
P, |S—E%1m P|S=1 5 ((1 2(1 \/E])Q( . i |Sl>)

(o Do)

3This is valid because, in y; and g3, the terms (xy, 7y, (*z1 and Ny are complex-Gaussian and, as
discussed in subsections 9.4.1 and 9.4.2, the terms ¢ x1, &1 22, U1, Yoxa, 221 and vUo are fairly approximated
with the help of the CLT as complex-Gaussian.
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where

0%l \Sl— hm 7|81

——>oo

S (e R)hea(R)? + o ek + Dhealk + 1)) |

2

Sty (sl s(R)hae(k + D (Jhea(k)? = |heatk + D))+
Sl (1 = p2) (03 | hae(B)Plhea(R) [ + 02 hoe(k + 1)|hea(k +
DY)+ 0 B hea(B)P (B PlRea(R)] o2, +
\hyo(k) P lhea(R)?02 o2+ |heolk + D)|*hea(k + 102+

€1,e €ed €e,d

+ |hoe(k + D) |hea(k + 1)[?02, 02, +

eQZ €¢,d

|hoe(k + D)P[hea(k + 1)[*0?2,,
(Ih1,e(B) 202, |hea(B) [+ hea(k)[*o? , + |hea(R) 20, 02, )03 o hae(k +

D2+ (1= p2)03,) + (|hoe(k+1)Plhea(k+ 1) P02 +|healk+1)[02, +
hea(k+ D202, 02 V(o2 dhae(R)? + (1= p2)o,)
(9.4.40)
Vs |So = £1m V2|Ss
S (e (R) el + ek + 1 hoa(k + 1))
| S (psihis (Vb + V(lheat®)? = |hea(k + D))" +

St (U = p2 ) (03 lh2e(B)Plhea()* + 03 hae(k + 1)Plhea(k +
DY)+ a2 bl B hea(B)P A Jheu(R)Plhea(R) 02, +
hoo(k) P hea(R)?0?, 02, .+ Nhe(k + D*heak + Dol +
[hie(k + V)P |hea(k + DI*o? | + [he(k + 1) Plhea(k + 1) P02 02, +
(Ihae(B)[Po?, |hea(R)]? + [hea(R)[ 02, , + |hea(k) [P0, 07, ) (03 olhae(k +
DP+(1=pZ )0t )+ ([he(k+1)Plhea(k+ 102, +|hea(k+1) [0

|hea(k +1)[P0?, 07, ) (P2l hoe(B)* + (1 = p2,)03 )

+

312

(9.4.41)
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9.5 System Average SEP Analysis

The system’s average SEP, say P,., can be obtained from the conditional SEP in
(9.4.38) as

P, =E,[PIS] =1- %(]E Kl - 2(1 - %)Q(Q qflm\&)ﬂ
)] e

where E,, H denotes the statistical expectation operator with respect to Y. Evaluating the

last two expectations in (9.5.1) requires first deriving the pdfs of both |S; in (9.4.18) and
7|82 in (9.4.36), which, as we mentioned before, is too hard to accomplish. Therefore, we
propose here to use semi-analytical computation for P., based on the sampling mean concept,

as

P3G~ el
~(1-2(1- L2 pust) ) )

(9.5.2)

where 71|S/ and 7,|S] are the generated SINRs in the jth realization obtained by (9.4.18)
and (9.4.36), respectively, and N is the number of realizations in the simulation (N = 10°
in our numerical results). In the numerical results section, we provide realistic link-level

simulations to validate the semi-analytical results obtained based on (9.5.2). Similarly, we
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can semi-analytically compute average values for P¥|S in (9.4.39) as

R G x(( CEA ()
il

(9.5.3)

where 71|87 and 75'|S] are the generated SINRs in the jth realization obtained by (??) and

(?77?), respectively.

9.6 Numerical Results and Simulation

In this section, we present numerical results along with realistic link-level simulations
to validate the accuracy of our derived expressions and to show the impact of both the high
nodes mobility; i.e., the time-selective fading impact, and the imperfect channel estimation
on the SEP performance of the OSTBC-based cooperative system under study. We provide
these results in terms of the QAM constellation size ¢, the number of relays M, the estimation
error variances aga‘b, the nodes’ relative speeds v, in mph, the transmission symbol-rate I
in ksps, the carrier frequency f. in GHz, the path loss exponent n, the cooperating nodes
normalized distances d, ;. Further, moving nodes and static-nodes cases are related to time-
selective and quasi-static fading cases, respectively.

Fig. 9.1 shows numerical plots for the system’s average SEP performance versus the
per-symbol average ]]f,—a with single relay (M = 1), 4-ary and 64-ary QAM constellations, and
transmission symbol-rate of 44 ksps (which is corresponding to narrowband channels). We
can first observe that the results plotted using (9.5.2) provides a perfect match with the exact
results obtained via practical link-level simulation, which corroborates the correctness of the
derived SINRs exact expressions and the tightness of the approximations followed using the
CLT. This figure also shows that, as compared with the system’s SEP performance under

the static-nodes (0 mph relative speeds) and perfect channel estimation (07 , = 07, =
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R, = 44 ksps, f,=1.9 GHz, n=2, dy=1, dy4=2 and M = 1.
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Figure 9.1. Average SEP versus E;/N, for M = 1 and 4 and 64-QAM, transmission data-
rate R, = 44 ksps, carrier frequency f. = 1.9 GHz, path-loss exponent n = 2, normalized
nodes distances d, ¢y = 1 and dy 4 = 2.

scenario, the nodes relatively high mobility, for e.g., with relative speeds of 65 mph, degrades
the system SEP performance, in particular, at high values of ff_o (starting from 30 dB) and

limits it by floors. Moreover, under the significance of the channel estimation error; i.e.,

imperfect channel estimation scenario with for e.g. azs , = USM = 0.001, the system’s SEP
performance is further degraded, almost, starting from ﬁ—o = 18dB and limited by higher
floors.

In Fig. 9.2, we plot the system average SEP versus ]]f,—o with 16-QAM constellation
showing the effect of the increase in the channel estimation error variance for different M

values. It is obvious that the system’s average SEP performance is improved with M as a
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16 — QAM, R, = 44 ksps, f.=1.9 GHz, n=2, d,y=1 and d/4=2.
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Figure 9.2. Average SEP versus E;/N, for M = 1 and 2, 16 QAM constellations, trans-
mission data-rate R, = 44 ksps, carrier frequency f. = 1.9 GHz, path-loss exponent n = 2,
normalized nodes distances dsy = 1 and dgq = 2.

result of the increased diversity-gain achieved via the relaying process. However, the harmful
impact of both the nodes mobility and the imperfect channel estimation still exist for any
number of relays M, where, it is clear that the small increase in the estimation error variance,
for e.g., from 0.0001 to 0.0005, causes a significant performance degradation. Also, a high
agreement between the semi-analytically results and link-level simulations is notable.

Fig. 9.3 shows plots the system average SEP versus the nodes relative speeds in mph,
for 16-ary and 64-ary QAM constellations, M = 1, R, = 9.6 and 25 ksps, and ff_o = 20 dB,
considering both perfect and imperfect channel estimation scenarios. It is clear that, regard-

less of the other parameters, the increase in the nods speeds degrades the system average
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E;/N, =25 dB, f.=2.4 GHz, n=3, ds;=1, dyq=2 and M =1
09 T T - T T T
25ksps, 02 =02 =0

e T Terd

—6&—25ksps, 07, =0, = 0.001

€t

—+— 9.6 ksps, Utzu -

0.8

0.7F

g o
N )

Average SEP
o
3

o
~

o
w

! ! ! !
20 40 60 80 100 120 140 160 180 200
Nodes relative speeds (mph)

Figure 9.3. Average SEP versus nodes relative speeds in mph with /N, = 25 dB, different
transmission data-rate values of 9.6 and 25 ksps, M = 1, QAM constellations size of 16 and
64, carrier frequency f. = 2.4 GHz, path-loss exponent n = 3, normalized nodes distances

dsy=1and dpq = 2.

SEP performance. However, for fixed transmission data-rate, the system SEP performance is
worse in the case of imperfect channel estimation even though the estimation error variance
is relatively small (for e.g., 02 , = 02, = 0.001). On the other hand, for fixed estimation
error variance, the system SEP performance is improved and the speed of its degradation
by increasing the nodes speeds is less when the transmission data-rate is higher (compare
the * curve with the 4+ one). This is because of the fact that increasing the transmission
data-rate increases the fading links’ correlation parameters, which reduces the likelihood of
the time-selective fading to occur (see (9.2.1) for more clarification). This also could be no-

tified from Fig. 9.4, where, for a fixed relative speed and channel estimation error variance,

the improvement in the system error performance is fast with increasing the transmission
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16 — QAM, E, /N, =25 dB, f,=2.4 GHz, n=2, dy;=1, dyy=2 and M =1
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Figure 9.4. Average SEP versus transmission data-rate in ksps with £ /N, = 25 dB, different
nodes relative speeds of 10, 75 and 120 mph, M = 1, 16 — QAM constellation, carrier
frequency f. = 2.4 GHz, path-loss exponent n = 2, normalized nodes distances d,, = 1 and
d&d = 2.

data-rate.

9.7 Conclusion

In this chapter, we have investigated the influence of the more practical scenarios of
both nodes-mobility and imperfect CSI estimation on the SEP performance of an Alamouti-
type OSTBC-based multiple-relay fixed-gain AF cooperative-diversity system with g-ary
QAM. All of the system’s multipath links are characterized by frequency-flat and, due to
nodes-mobility, by time-selective (i.e., rapidly time-varying) fading channels using the AR1
process. Due to the imperfect CSI estimation, all of the estimated channel gains at the

system’s relays and destination are assumed to be corrupted by Gaussian errors. For such
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a system model, we have employed the ALD at its destination and shown that, due to
nodes-mobility and imperfect CSI estimation, this ALD is no longer optimal ML and pro-
vides interfering and statistically correlated decision variables. Exploiting the AR1 model,
we have first derived exact closed-form expressions of effective SINRs associated with these
decision variables, which generalize an SNR expression that is well know in the literature for
such a system under the special scenario of static-nodes, perfect estimation and single-relay.
Moreover, benefiting from the central-limit-theorem (CLT'), we have provided a tight approx-
imate closed-form expression for the system’s conditional SEP at the ¢-QAM demodulator’s
output by directly using the obtained SINRs along with the already known SEP expression
of the AWGN ¢-QAM systems. Furthermore, from the obtained conditional SEP expres-
sion, it is revealed that the nodes-mobility and/or the imperfect CSI estimation severely
degrade the system SEP performance by irreducible error floors that appear irrespective of
the number of the relay nodes. Because of the intractability in deriving closed-form prob-
ability density functions of the obtained SINRs, due to their very complicated forms, we
have proposed a semi-analytical computation of the system’s average SEP using the exact
conditional SEP expression based on the sampling mean concept. Numerical results for the
system’s semi-analytical average SEP along with realistic link-level simulations have been
also provided to validate the accuracy of the derived expressions and to demonstrate the

system’s performance under several scenarios.
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Dissertation Conclusions and Proposed Future Work
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CHAPTER 10

Dissertation Conclusions and Proposed Future Work

10.1 Dissertation Conclusions

In this dissertation, we have discussed several problems related to evaluating and im-
proving the performance of several emerging models for wireless amplify-and-forward (AF)
cooperative-based communication systems taking into account the effects of different practi-
cal issues; including, nodes mobility (either low or high), channel estimations (either perfect
or imperfect), and speeds of receivers channel tracking loops (either slow of fast). We have
developed extensive approaches and analytical techniques to quantitatively evaluate the im-
pacts of these practical issues on the performance of wireless AF cooperative systems by
deriving new closed-form expressions for different system performance metrics. We have also
proposed several innovative receiving designs aiming to mitigating the high nodes mobility
effects on the performance of AF cooperative systems and improving their overall perfor-
mance.

This dissertation contains two parts and in the following we summarize the contribu-

tions of each part:

e In the first part of this dissertation several scenarios for multiple-relay single-antenna-
nodes AF cooperative communication systems that employ MRC combining at the
destination and operate in mobile environments have been considered, and extensive
analyses of different performance measures have been presented. The performance of
these considered system scenarios have been studied taking into account the impacts

of the nodes mobility, the estimation errors, and the speed of the receivers tracking
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loops that estimate the individual channel gains. Under these impacts, tight approx-
imate novel and general closed-form expressions for the systems per-block average bit
error rate (BER), outage probability, and channel capacity have been derived. ALL
of the derived performance expressions are functions of the nodes relative speeds, the
transmission data rates, the channel estimation errors, and the speeds of the receivers
tracking loops, and thus, they generalize many previously published literature results.
With the help of these expressions we have analytically shown that the wireless AF co-
operative communication systems performance is severally affected by the high nodes
mobility (in particular when the channel estimations are imperfect), where the systems
BERs and outage probabilities experience irreducible floors while their channel capac-
ities experience ceilings. These expressions also helped us to investigate the impacts of
different nodes mobility scenarios on the AF cooperative systems performance, where
interesting and useful observations have been reported. These observations are relate
to which nodes are mobile and which are static, which cooperative protocol is followed;
the regular protocol or the best-relay-selection one, which amplification gain category
is employed at the relay, the variable-gain or fixed-gain. Moreover, the case of equip-
ping the receivers with fast tracking loops feature has been assumed and it has been
shown that such assumption has great capability of reducing the high nodes mobility

effects.

In this second part of the dissertation, we have dealt with evaluating and improv-
ing the performance of an emerging system model that combines both techniques of
Alamouti-type orthogonal-space-time-block-code (Alamouti-OSTBC) and cooperative
transmission and works under the influence of high nodes mobility. The classical Al-
mouti space-time decoder (ALD) is first employed at the destination and an approach
that simplifies analyzing its overall error performance has been developed, where a
closed-form expression for its conditional SEP performance has been derived and used

to compute its average SEP performance semi-analyticaly. This derived expression is
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novel and reduces to already derived existing literature results under the special case
of negligible nodes mobility. Using the derived SEP expression, we have shown that
the ALD is no longer optimal and experiences irreducible error floors when the nodes
mobility is high. Therefore, in the second part of this dissertation, we have also pro-
posed two space-time decoders to be employed instead of the ALD such that they can
overcome with this high nodes mobility effect. These two decoders are the zero-forcing-
space-time-decoder (ZFSTD) and the sub-optimal-space-time-decoder (SOSTD). The
ZFSTD has shown is capability of completely suppressing the nodes mobility impact
but at the expense of additional decoding complexity. On the other hand, the SOSTD
can highly reduce the high nodes mobility effect without the need of any additional

decoding complexity.

The work in this dissertation presents a valuable contribution to the wireless cooperative
communications literature, in terms of performance evaluation and improvement. Moreover,
the obtained results in this work are of great importance for network design engineers.
They provide with closed-form expressions that help in cooperative-based networks planning
rather that running time-consuming simulation algorithms. They also shed light on network
performance behavior under the influence of mobile nodes speeds (e.g., in-town or highway

mobile vehicles) and provide with perfect solutions to alleviate these in influences.

10.2  Proposed Future Work

Possible extensions to this work can be summarized in the following points:

e Extending the error performance analyses carried out for coherent detectors to non-
coherent or differentially coherent detectors, and investigating their error performance

under the nodes mobility effect.

e Extending the study carried out for amplify-and-forward cooperative networks to decode-
and-forward cooperative networks and investigating how their performance is affected
by nodes mobility and imperfect CSI estimations.
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e Extending the analyses conducted for narrowband channels to wideband channels (i.e.,
high dtat rate transmission) along with employing the orthogonal-frequency-division-

modulation (OFDM) technique.

e Extending the 2x2 Almouti-type OSTBC code to generalized OSTBC codes, and eval-

uating and improving their performance under the nodes mobility influences.
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Appendix A
Approximating I0'|S; as ZMCSCG

First, since h] ,(k) and h 4(k) are ZMCSCG, we can express them as

W e(R) = B (F)y + 5 o(R) g and 7 o(k) = b 4(k)y + 5% (k) (A1)

where 1 and & denote the real part and imaginary part, respectively, h“{j(k,‘)% and he] (k)

0.2
and h 4(k), are N(0,—5%). By substituting (A.1) into the

0.2
are N'(0, —3*) and h< (k)

term I2* given in (9.3.6), we can expand it as

M M
I =% G hi (k) hea(k)BT (k) hG (k) = Y~ G2 e (k) hea(k)BT (k) b oK)
/=1 /=1
0, i,
M M
| . . L G2hy (k) hea(k)he (k).

3 (30 G a0 (1) 1) + =0 T )

(=1 Z,d(k)g

13312) 15914

(A.2)

But, according to [51, Ch. (6)], if W} and W, are two independent zero-mean Gaussian

random variables with variances o7 and o3, respectively, then U = W;W, is a zero-mean

random variable with variance 0?03 and exact pdf of

| ]
_ K,
folw) = a3 (o)

where Ko(k) is the 0th order modified bessel function of the second kind. Based on this
Gaussian random variables property, and conditioned on hy (k) and hyq(k), each of I3*,,
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v, 1), and IJ', in (A.2) is a sum of M independent but non-identically distributed

zero-mean random variables such that the ¢th one (say Uy) has and pdf of

1
fUL,(u): o Ko( |U| e )
TG b e (F) P hea(k) P == =3 NG Ao (B)[P|hea(R)?——=

2 T2

According to the CLT, we can now approximate the density of each of ]§9 - Ig ', and
2 2

I, + I, as N(O, 2615700 |hae(k) 2| he.a(k) Q%Tl’eaee’d) and accordingly, the density of

2

1% in (A.2) can be approximated as ZMCSCG as

M 0.2 0.2
~ 0,4G* Y " |hao(k)Plhea(k) P —=5—2 ).
enr(0.46" Y I (kP a5 752 )

(=1
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Appendix B
Approximating I$'S; and I%|S; as ZMCSCG

By substituting (A.1) and ey (k) = ez e(k)y + jeae(k)y into IE given in (9.4.10), we can

)

expand I as

o Sl G2\ 1= 02 hea(k)B (k) B Sty G2 1= P2 hea(k)heT (k)

hep (k) pe2e(k)g hepa(k)ge,0(k)gn
_Zéj\il g2\/ pséhfd(k)h (k)% - Zé\il g2\/ psﬁhed(k)h (k:)g
hep a(k)gez,e(k)qy hep (k) pe2,e(k)g
(ZE NN R N e
hep (k) gez,e(k)g heto(k) G hp a(k)gea,e(k) g
M e* M €x*
+Z£=1 92\/ = P, ehf d(k)h 1,e(k)§R n ZE:l 92\/ = P, ehf a(k)h 1,@(]{)3).
hepa(k)ge2,0(k)gn hey (k) geae(k)g
i, i

(B.1)

Conditioned on hyg4(k), each term in (B.1) is a sum of M independent but non-identically

distributed random variables where the (th one of them (say D,) has mean zero, variance
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o2

02, , o2
GH L = p? )| hea(k) P52 5 and exact pdf of

1
fDZ(d) = 9 O'gleo'gedo.ge
2\/§7r3/2g4(1 — p5’£)|hg’d(k>|2T’T7T’
d2
XGg:g( 02 o2 42 07 07 0)
8GH(1 — p2 ) healk)P—3- 4 =3*

where G denotes the Meijer G-functions.Now, according to CLT, we can approximate the

density of each of IS, — I, — I§'y — I§', and I§', — I§' + I§'. + Iy as N<0,4Q4(1 —

0, Tl 4 03 . . . .
pig)]h&d(k)PT”%%), and accordingly, the density of I5' in (B.1) can be approximated

o2

o2 52
as ZMCSCG as ~ C/\/’((), 8G*(1 —p§7£)|h&d(l€)|2%%%‘>. Similarly, we can approximate

the density of 1%} in (9.4.10), conditioned on hyq(k + 1), as ~ CN <0, 8G(1 — p? )| hea(k +

2

2 2
1) ‘2062,4 Tepq T1p
2 2 2 '
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