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Abstract

Although there already exists a rich literature on coaper diversity, current results are mainly
restricted to the conventional assumption of additive white Si@usoise (AWGN). AWGN model
realistically represents the thermal noise at the receivet ignores the impulsive nature of
atmospheric noise, electromagnetic interference, or malemaise which might be dominant in
many practical applications. In this thesis, we investigdie performance of cooperative
communication over Rayleigh fading channels in the presencenmifilsive noise modeled by

Middleton Class A noise.

We consider a multi-relay network with amplify-and-fordaelaying and orthogonal cooperation
protocol. As for the coding across the relays, we empltherispace-time coding or repetition
coding. For each scheme, we assume various scenarios draseldys’ location and quantify the
diversity advantages through the derivation of the pairwiger gorobability. Based on the
minimization of a union bound on the error rate performamneefurther propose optimal power
allocation schemes and demonstrate significant performgaios over their counterparts with equal
power allocation. We finally present an extensive MontdoCsimulation to confirm our analytical

results and corroborate on our results.
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Chapter 1

Introduction

Today’'s communication networks support various applicasoes as broadband data and Internet
access, multimedia broadcasting, video conferencing, and-eiclelemand among others. The idea
of reliable and ubiquitous information access has lethéodeployment of a variety of wireless
communication systems [1]. Cellular networks, wirelessl area network (WLANS), wireless ad
hoc networks, wireless sensor networks (WSNs), and Vahiad hoc networks (VANETS) are some
examples of rapidly growing subfields in wireless communicafinre to the increasing demand on
communication systems, there have been intensive ressfgodis to enhance data rate and reliability

of these systems.

A powerful technique proposed in late 1990's to improve theopwence in wireless systems is
multiple-input multiple-output (MIMO) communication which involvdse deployment of multiple
transmit and/or receive antennas [2]. In some applicatiolementation of multiple antennas for
end-users or handsets is difficult due to the size, @pst hardware limitations [3]. An alternative
method is to have single-antenna users share their resoanceform a virtual MIMO system
exploiting each other's antennas. This technique is caltemperative diversity or cooperative

communication and has received a growing attention iraidil’e years or so [4, 5].

Although there has been already a rich literature on catpercommunication, the existing works
are mainly limited to the assumption of additive white Gaumssioise (AWGN). This assumption
reflects the effect of thermal noise at receiver; howeatelges not incorporate man-made noise and
electromagnetic interference (EMI), which cause impulsivise that is prevalent in many wireless
communication systems [6]. This motivates us to invesigatoperative communication in the
presence of impulsive noise. In the forthcoming sectiongpreeide some background material for

impulsive noise and cooperative communication, which will bd#sss for the later chapters.

1.1 Impulsive Noise

Impulsive noise is prevalent in many wireless communica@plications. For instance,
automotive ignition noise, power transmission lines, and gemerating circuit components are

examples of impulsive noise sources which are encounteredymaimhetropolitan areas [7]. In
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indoor wireless communication, devices with electromechhBiwitches such as electrical motors in
elevators, refrigerators units, photocopy machines, andesiatre considered as impulsive noise
sources. Furthermore, microwave ovens, cash registeiptgorinters, gas-powered engines, and
compressor motors produce impulsive noise on frequency bamdk woincide with the operating

frequencies oturrent cellular and wireless local area networks[f],

Measurements of impulsive noise in urban areas have atedivmany researchers to characterize
impulsive noise by empirical models. In [8], Blackard and Rppgainvestigate impulsive noise
measurements in office building and retail stores atatjpegy frequencies of 918 MHz, 2.44 GHz, and
4 GHz with a 40 MHz bandwidth. Operating frequencies of 9H&Mnd 2.44 GHz are of special
interest since they lie in industrial, scientific, anddmeal (ISM) band. Further in [10], Blankenship
and Rappaport characterize impulsive noise at 450 MHz banarlben hospitals and clinics. For
universal mobile telecommunications system (UMTS) frequewtynnels in urban areas,

measurements of impulsive noise are analyzed in [11].

There are also several models in literature to stltimodel non-Gaussian impulsive noise. In
[12], Hall proposes an exogenous model for impulsive model, wingna@lsive noise is generated as a
product of two independent random processes. In exogenous modatsyla varying random
process modulates a narrowband Gaussian process and thigatingdprocess has a probability
density function that satisfies the condition of the exigteoic Fredholm type-I integral equation
given in [13]. In [14], impulsive noise has been approximated usomgrically invariant random
processes (SIRP), which are generalizations of Gaussiaesgesc In [15], Shao and Nikias propose
a symmetric stable distribution, which is characterizedabhyexponent termo and known as

symmetrica -stable (Sr S) distribution.

Another statistical model for impulsive noise is Middletamisdel which is widely adopted in the
literature due to analytical tractability, reproducilyilicanonical and constructive properties of this
model [16, 17]. This model is independent of the waveform and propadatv of the effecting
interference emitters [17] and is shown to provide good agmeemith empirical measurements in
various environments [16]. Three distinct classes for Middlehadel are available based on the
interference characteristic and bandwidth of noise. MiddleElass A model is valid when the

bandwidth of noise is less than that of the receiver feodt and interference waveforms produce
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negligible transients at the receiver. If the noise bandvexitleeds receiver front-end bandwidth and
interference waveforms result in significant transeflass B model becomes valid. Class C, on the
other hand, is considered as a mixture of Class A and Blsaddéhis thesis, we consider Middleton

Class A to represent impulsive noise in the cooperative coneation system under consideration.

1.2 Overview of Diversity Techniques and Cooperativ e Diversity

Signals propagating through wireless channels are detedoizsy large-scale and small-scale
impairments. Large-scale impairments include path loctefwhich quantifies the reduction in
average received power as a function of distance from #msrhitter. In free space propagation
model, the power of received signal is given by

p) 2
P =RGG {mj 1

where P, and P, are receive and transmit powefs, and G, are receive and transmit antenna gains,
A is the wavelength of the carrier signal, ahé the distance between transmitter and receiver. As
observed from (1.1)P, is inversely proportional tal . In general, we hav® 0d™", wherenis
called the path loss exponent and given in [18] for various@maents. Further discussion on path
loss models such as Okumura-Hara and Lee’s path losdsmadebe found in [18]. Another large-
scale impairment is shadowing, which results from the gegnaemd existence of obstacles larger
than wavelength of transmitted signal, such as tredls, hnd buildings. This causes random
fluctuations in strength of received signal. Shadowing @&issically modeled by log-normal

distribution.

The major performance-limiting factor in wireless conmcation systems is multipath-induced
fading which is the small-scale impairment. Transrditteggnals follow different paths resulting in
multipath propagation, and due to reflection from obstacidssaattering objects, delayed versions of
transmitted signals are received. Under assumptions of mexodisight and large number of paths,
the central limit theorem can be applied and real and imaagcomponents of multiplicative channel
attenuation are modeled as independent Gaussian processedoréhdealing amplitude (or

envelope) will have Rayleigh distribution, which is given by



2
fn(X) :%exp[—%j , x=20 (1.2)

where|h | is a random variable representing fading amplitude @wlE [| h[*]= 207 is average

fading power. For normalized average power, we Mawel [19].

Multipath fading severely degrades the link performance ancergfocountermeasures such as
diversity techniques should be employed to maintain amepaable performance. One diversity
technigue to mitigate fading is frequency diversity. kgtrency diversity, transmitted signal is sent
over different frequency slots, where adjacent slotseparated by more than the channel coherence
bandwidth. This ensures that independent fading affederelift frequency slots. One drawback of
frequency diversity technique is the extra bandwidthirement [18].

Another diversity method is time diversity technique, whiclimplemented by transmitting the
message over different time slots with separation betvaegacent time slots larger than coherence
time. Time diversity technique requires application ofrilaving and proper channel coding such as
linear block codes or convolutional codes to ensure that indegdaderg affect different time slots
[20]. This technique sacrifices transmission rate anttidtslelay-sensitive application is considered

and/or coherence time is large, interleaving and coding rbmghifficult to employ [20].

Spatial diversity (or antenna diversity) technique refershe deployment of multiple transmit
and/or receive antennas, where the separation betwearemtdgntennas is larger than half of the
carrier wavelength. Hence, received signals at differaehaas will experience independent fading.
Larger separation is required if shadowing effect isrtak®o consideration [18]. Receive diversity is
obtained if multiple antennas are employed at the receigersingle-input multiple-output (SIMO).
Transmit diversity refers to a multiple-input single-out@tSO) link where further details are given
in the following section. Multiple-input multiple-output (MIMOgystems combine transmit and

receive diversity.

Angle diversity is obtained by employing various directivdeanas at the receiver taking
advantage of uncorrelated scattered signals associathdthe various directions [18]. In path
diversity technique for direct sequence spread spectr 8P systems, the transmitted signal is sent

over a bandwidth that is larger than channel coherence bahd8uwlcalled Rake receiver is used to



separate received signal components from different prapagpaths and then to combine them

constructively [18], [19].

Components of independent faded received signals (obtainedjithome of the aforementioned
diversity techniques) can be processed by different rdstteor instance, maximal ratio combining
(MRC) is applied under the assumption of perfect knowledgengflimde and phase of fading
channel at the receiver. Other linear combining schemésreduced complexity such as equal-gain
combining (EGC) and selective combining (SC) are availableedls MRC combining technique

achieves the best performance among other combining schemes [18]

1.2.1 Transmit Diversity

Transmit diversity requires multiple antennas at trattemperforming pre-processing and pre-
coding prior to transmission. There are two main implentiems of transmit diversity based on the
availability of channel state information (CSI) at thengmitter; namely, closed-loop and open loop
transmit diversity. In closed-loop transmit diversity, |IG$ assumed to be available both at the
receiver and transmitter sides. This requires a festdichannel in practice. Open-loop transmit
diversity technique on the other hand does not require prior kdgevlef CSI at transmitter. In [21],
Wittneben proposes a delay diversity scheme; an open-logpntitadiversity scheme which is

considered as the ancestor to space-time codes of [2].

Space-time coding (STC) is a systematic treatmentdodensignals at transmitter as an open-loop
transmit diversity scheme. The primary criterion in STEigeis to maximize diversity gain, which
is the slope of performance curve at high signal-to-naise. rA diversity gain ofr XN yis obtained
wherer is the rank of the STC matrix anl g is the number of antennas at receiver. For full rank
code matrix, maximum diversity gain is achieved, is X Ng, where N+ is the number of
antennas at transmitter [22]. The secondary designionter maximizing coding gain, which can be
attained by maximizing the minimum (ﬂ :nzl)lm , Wwhere A, ’s are related to eigenvalues of code

matrix over all possible codeword pairs. This criteriooalked determinant criterion [22].

There are several classes of space-time codes. On&neeth category of STC is space-time
block code (STBC). Alamouti in [23] introduces the firshogonal STBC design using two transmit

antennas. Extension of STBCs to multiple transmit amtens presented by Tarokh et. al. in [24]



using theory of orthogonal designs based on the work of RandbrHarwitz in this branch of
mathematics [25]. Space-time trellis codes (STTC) are tabjgovide additional coding gains [2]
besides the spatial diversity. Initial STTC designs are-nagandle, but additional designs can be found
in [26-29]. Other transmit diversity schemes include layepmate-time (LST) coding such as Bell
labs layered space-time (BLAST), diagonal layered spawe{DLST), threaded layered space-time
(TLST) [30, 31], and linear dispersion codes (LDC) [32], [33].

1.2.2 Cooperative Diversity

Despite the promising data rate and/or low error rateeaett by STC in MIMO communication
systems in fading channels, deployment of multiple anteattansmitter and/or receiver might not
be feasible in some applications due to limitation ie,gmower, and hardware complexity in end-user
devices. Cooperative diversity has been proposed as a fpbvedternative fading-mitigation
technique [34-38]. Cooperative diversity takes advantage ofbtbadcastnature of wireless
transmission where a transmitted signal can be overhmarthany unintended nodes. If these
unintended nodes (or relays) are willing to share theiruress with the source node, they can
together create a virtual antenna array to extract theaplatersity in a distributed fashion. The
concept of cooperative diversity can be traced back to VaMdalen's earlier work [39] on relay
channels. The recent surge of interest however has followedthé works of Laneman et al. and
Sendonaris et al. [34, 35, 37, 38].

In [40], Sendonaris et. al. propose a cooperative scheme-t@l mobile users which increase
data rate and uplink capacity. This advantage in higherrdétacan be sacrificed to reduce power
consumption per user or extend cell coverage with the experesdrafcomplexity at receiver. In
[41], Laneman and Wornell develop transmission protocolsafoplify-and-forward (AF) and
decode-and-forward (DF) relaying. In their cooperation s&hetransmission is carried in two
phases; broadcasting and relaying phases. In the broadagalstise, source node (or user) broadcasts
its information to intended destination node (BS or anatiser) and other nodes, i.e., relay nodes,
located within transmission range of source node. In relgymage of AF scheme, nodes working as
relays amplify the received information signal and forwerdoi the destination node. Hence,
destination node receives two faded versions of informatien, from broadcasting and relaying

phases. In DF scheme, broadcasting phase is identiédd sctheme however; in the relaying phase,
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relay node decodes the received signal and then transioidastination node. Both schemes require

knowledge of inter-user channel coefficients to perform optiteeoding.

For multi-relay deployment, Laneman et. al. [34, 35] consider main approaches, space-time
coded and repetition-based cooperative protocols. Repetitsmtmmoperative protocol provides full
spatial diversity at the price of decreasing bandwidthieffay as the number of cooperating nodes
increases. In relaying phase, relay nodes operating uregetition-based scheme transmit
information on orthogonal subchannels. Space-time coded coepepbtocol is an alternative
methodology to attain full spatial diversity without sacrifigibandwidth efficiency. In relaying
phase, relay nodes operating in space-time coded cooperdt@raesevill transmit simultaneously on

the same subchannel [34].

After the work in [34, 35, 37, 38], a large number of publaihave appeared in the area of
cooperative communications investigating variety of topics @glinformation theoretic bounds,
cooperation protocols, distributed space-time code desigrpdisal source coding, optimum power
allocation, cross-layer design etc. among others. Detailageyss of various issues in cooperative

communication systems can be found in recent books [4], [5]

1.3 Research Motivation

The current rich literature on cooperative diversity iginly limited to the conventional
assumption of AWGN. Although AWGN model realistically reggets the thermal noise at the
receiver, it ignores the impulsive nature of noise, which trsghdominant in various environments
as earlier discussed in sectibri. This has motivated several researchers to andlgzsetformance
of communication systems in the presence of impulsive ntis@?2] and [43], Spaulding and
Middleton have derived optimum coherent and non-coherent deteatles using maximum
likelihood detection for fading and non-fading channels in theepis of impulsive noise. In [44],
Haring and Vinck have investigated the performance of cadetgmission over impulsive noise
through the derivations of Chernoff factor and cut-off eesuming a MAP (maximum a posteriori)
detector. In [45], Tepedelenlioglu and Gao have studied thrpmmnce of various diversity
reception techniques in impulsive noise. In particular, tteye derived upper bounds on average bit
error rate and investigated the performance of MRC, E&&;,and PDC (post-detection combining).

In [46], they have extended their work to transmit diversiheng they have obtained design criteria
7



for space-time codes. They have further investigated thirpmmce of MIMO systems with

different receiver types including genie-aided, MAP, amaimum distance receivers.

To the best of our knowledge, no research results have bekshpdlon cooperative diversity in
the presence of impulsive noise. Aiming to fill this reskeagap, this thesis presents an error rate
performance analysis of cooperative diversity over Rggléading channel in impulsive noise. In
particular, we consider a multi-relay system with AFayelg and assume space-time coded and
repetition-based cooperative protocols [34, 35]. We obtain upperds on pairwise error probability
(PEP) expression for these cooperative schemes under Middléiss A noise, which includes
Gaussian noise as a special case. Our results demortsatatest performance of cooperative system
highly depends on the impulsive nature of noise and differergrsity orders dominate the
performance in different ranges of signal-to-noise ratid¢R§. We further optimize the bit error
rate (BER) performance through proper power allocation aroagerating nodes. The optimization
yields gains up to- 3 dB at a target BER of 0n a highly impulsive environment for a two-relay
cooperative scheme. In near-Gaussian impulsive environmefayrpance gains climb up to 5 dB

depending on the relays’ locations.

1.4 Thesis Outline

The rest of the thesis is organized as follows: In Chaptewe describe the system model
introducing fading channel, noise model, and cooperativerias®n model under consideration. In
Chapter 3, we derive PEP expressions and obtain upper bounds emotheate performance. We
analyze diversity gains based on the derived PEP expressio@hapter 4, we optimize power
allocation based on the minimization of union bound on BERlifterent impulsive environments. In
Chapter 5, we present extensive Monte Carlo simulationsvddous impulsive environments.

Conclusions are presented in Chapter 6.



Chapter 2
System Model

In this chapter, we introduce the cooperative transmissiodel under consideration along with

fading channel and impulsive noise.

2.1 Fading Channel Model

In this thesis, we assume an aggregate channel model talkie$ into account both small-scale
fading and large-scale path loss. In a multi-relay comnatinic system as shown in Figu2el, the
fading coefficients over source-to-destination+S), source-ta" relay (S»R;), andi™ relay-to-
destination (R-D) links are respectively denoted Wy, hsg , andhg , i =1,...M . They are
assumed to be independent and identically distributed (i@d-mean complex Gaussian random

variables leading to a Rayleigh fading channel model.

-
——
-
-

Destination
~~. Relay

----- broadcasting phase ~  ~~~.

~

relaying phase

Relay

Figure 2.1: Relay-assisted transmission.

Path losses in-SD, S—R;, and R—D are respectively denoted Wyds5 , cdsg , and cdg’p
where dgp, dsg . and dgp are the corresponding distances among nodesis path loss
coefficient, andc is a constant related to propagation environment. We denosngte formed by

S—R; and R—D links by ¢ . Normalizing the path losses with respect to the direttt, piae relative
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geometrical gains are defined &g = (d sr /d SD)_a and Qg p =(dR ol dSD)_a [47]. They

can be further related to each other through law of nessi ie.,

98D + 048 —20'EL 08 £0Sp = 9%r0 R . Path loss ratio can be defined as
a
d
o = 9sk _| 9rD 2.1)
OrD dsg

which indicates the relative locationiffrelay with respect to source and destinatio®|f< 0 dB,
then the relay is close to destination node. On the cgntsuen ©; >0 dB, this indicates that relay
is close to source node. F&@; =0 dB, the relay is located in the middle between source and

destination.

2.2 Impulsive Noise Model

We assume Middleton Class A model to represent the impulsise noder consideration. Noise

at the receiver is given by
n=n,+n (2.2)

wheren, represents the thermal noise and is modeled by zero-meanesevafiled Gaussian with
variance(fg. In (2.2), n is the impulsive component and results from the occurreniceenfering
waveforms from active interfering sources. Under the assamfitat the number of such sources is
large enough and they emit independently, occurrence of i@eckes follow Poisson distribution
[17]. Therefore, the probability of havinky active interferences (or impulses) is denotedalyand
given by

k
a, = exp(—A)% (2.3)

where A is called the impulsive index and indicates the average nunfb@npulses during

interference time. Probability density function (pdf)tieé complex-valued noise at receiiegiven

by

p(n) = Z exp[ @j (2.4)
k 0-

k
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where Jlf is the conditional variance given thiatimpulses are affecting the receiver. It is calculated

as
g'lf = Jzﬁk (2.5)

where g denotes the mean variance of impulsive noisand is equal td\, and 5 is given by

(kAT
B = [Tj (2.6)

In (2.6), I' is the Gaussian factor which is the ratio between themneei of background Gaussian

componentag and the variance of the impulsive componeﬁt

Middleton Class A model is therefore mainly characterlzgtivo parameters, namely, impulsive
index A, and Gaussian factdr. As A decreases, i.eA - 0, noise becomes highly structured and
more impulsive. On the contrary, & increases, i.e.A — o« , noise tends to Gaussian. Similarly, for
small values ofl , generated noise becomes more impulsive while it ten@atessian for large
values of[" . Probability density function of a real-valued randomaiale following Middleton Class

A model with different values oA and [ is depicted in Figurg.2.

T T
A=10" 1=0.1
A=102 r=0.1 ||
A=1 =01
A=0.1 ,[=100 []

P(n,)

Figure 2.2: Probability density function of Middleton Class A model
11



In this thesis, we assume that impulsive noise sampleseatrpotally dependent during a
transmission frame. This is well justified through expemtal observations on impulsive noise [48].
As for spatial dimension, we consider both dependent and éndept impulsive noise. Spatially
dependent is applicable when the same set of interferingesoafiects destination and relay nodes
together. In this case, destination and relay nodes obselatvely the same distance to the
interfering sources [46]. On the other hand, spatially iaddpnt case occurs if different sets of

interfering sources affect destination and relay nodes.

2.3 Transmission Model

We assume space-time coded and repetition-based cooperatoeofs of [34], [36], which is the
distributed SIMO (single-input multiple-output) implementatibuoring the broadcasting phase (i.e.,
P time slots), destination nodP and relaysR,,...,R,, are in receive mode. The received signals
corrupted by fading and impulsive noise are first normalizedlay nodes to ensure unity of average
energy. Then either repetition coding or space-time block cadirapplied across these signals
before they are forwarded to the destination in broadtpptiase, which spans a duratiorLdfme
slots. Let E denote the average energy per time slot. Therefore,doéfy consumed by source
node S in broadcasting phase (d? time slots) iISPE. On the other hand, in relaying phase l(of
time slots),M relays consume a total energy bE. Since we will deal with optimum power
allocation in later sections, we also introduce the apétion parameters here. The first optimization
parameteré determines the ratio of power allocated between broadcastiuhgelaying phases. On
the other hand, optimization parametérs...,(/\ -1 are used to determine how the available relaying

power is allocated among relay nodes.

2.3.1 Space-Time Coded Cooperative Diversity (STC-C D) Scheme

Let X,...,% denote M-PSK (phase shift keying) modulation signals toraesmitted. The
received signals at destination ndfleandi " relay R during p™ time slotof the broadcasting phase

are given respectively by
"o.p :«/EEhSDxp+ Np p=1...,P (2.7)

rR’p=,/gSR2E hgrX gt N (2.8)

12



whereg% = ((P+ L)/ P){. In (2.7)-(2.8)Ng ,and Np ,represent the impulsive noise terms at relay
and destination nodes. After proper scaling at relay nodes[#3g] the received signals are applied

to a space-time block encoder [34].

We assume that space-time block codes (STBCs) of [24¢raployed across relay terminals. Let
Y denote the space-time code matrix with sizeMfx L which consists of elements as linear
functions of X 4,...,% . and/or Xi*,1,---1>€*L . Further, letN denote theM X L matrix for impulsive
noise samples at relays. The received signal at dﬁsetirtmring(P+ I)th time slot is
opst SHY +AN +Nppy, I=1,...L (2.9)

Ith Ith

where Y, is thel™ column vector ofY , n;is thel™ column vector ofN such thati™ element ofn

O{NR ps1 =NR .pe n*ﬁaypF b —ﬁR, n } based on the form of code matr. In (2.9), 4 and A

are defined as
#:[glhggih% SN DLM (2.10)
A :[Uthﬁ_D UM hR\/I D:lel\/l (211)

whereh) O{hsz, Rsg and& andy are given by

&= (#1955 9o (1-8) &) 05 E+ ) 212)

0= [#9%0 (1-€) E) 1 e E+ ) 2.19

with

(P =1 M~

¥i= (P+L)/ L)(l—MZ_:lwij, i=M (2.14)
i=1

The received signals at destination node are normalizéd bx/l+ Zi'\iluiz [36] which yields
Fppa =M@Y, +Nppsl, | =1,..L (2.15)

where we definer p p 4| =rppa 1Q, ZIZ,U/Q, andnp p+1 = (AN, + Np p+ )/ Q. To introduce

a compact matrix form representation, we further define

r:[rD,l o+ Ipp IDpa - I’D,P+|_]1X(P+L) (2.16)

13



hz[\/?Er%D...\/ﬁ% ,’[,} (2.17)

1x(P+M)
n :[nD,l - pp F1D,P+1 ~rb,P+L]1x(P+L) (2.18)
X =[x Xa o pny (2.19)
where ¥, = [diag(x,... % ) O]T and x, =[0 Y]T . Then we have
r=hX+n (2.20)

which describes the received signal for the transmigsaone ofP+L slots.

2.3.2 Repetition-based Cooperative Diversity (RB-CD ) Scheme

In RB-CD scheme, signals at the relaying phase arentriied through orthogonal subchannels

[34]. In this case, the received signal still takes thenfof (2.20) wherer , h, n and X are now

defined as

r=[fos  Top Toma * Toreg | oy (2.21)
h=|JEEno - JEERo 4 - Z’LP(M 2.22)
=N Thp Topu - ?p(M+];]1xP(M+1) (2.23)
X =diag( %, % s Xveees X s ’""3‘)p(M+1)xp(M+1) (2.24)

with ﬂ:[gthRhRD EMhSﬁ hﬁ ﬂ), F]D,P+| :(An nRh|+rb’p+|)/Qn, Zli:/Ji/Qi and
Q =y1+u? ,i0{,...M}, n=1+M (1—ﬂ IM 1) and | O{1,...,PM}. The received signal is

then fed to a minimum distance receiver as in STC-¢igme.

2.4 Receiver

The received signal is fed to a minimum distance rec¢éMBR) [46]

X = min [Ir = hX IP (2.25)

Although MDR is not optimal for impulsive noise environment, uge it as a practical low-

complexity detection technique. The optimal detector for isipal noise requires estimation of

14



interference distribution, non-linear processing and adaptivevees&€apable of adjusting parameters
related to interference [42, 43]. Further discussions obugtypes of receivers for impulsive noise

can be found in [46].
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Chapter 3
Error Rate Performance Analysis

In this chapter, we are interested in obtaining bounds on the error rate performance. We first derive
the pairwise error probability (PEP) which constitutes the building block for the derivation of union
bounds to the error probability. Let X and X denote, respectively, the original transmitted
codeword and decoded codeword. In our derivations, we consider both cases of spatially dependent
and independent noise at destination and relay nodes. In both cases, noise samples are assumed to be

temporally dependent during transmission frame.

3.1 Performance of STC-CD Scheme

Considering the transmission model in subsection 2.3.1 for STC-CD scheme, we derive an upper
bound on the performance of this system. The Euclidean distance between X and 3\( conditioned on

fading coefficients is given by

dZ(X,)?)=h(X—)?)(X—)?)HhH 3.1)

3.1.1 PEP for Spatially Dependent Noise

In spatially dependent case, we assume that the number of impulses affecting relays R,..., R}, and
destination node D is identical and denoted by Poisson random variable C . Considering all possible

realizations of C, the conditional PEP is given by

(3.2)

where @ and [, can be calculated through (2.3) and (2.6). Using Chernoff upper bound in (3.2),

conditional PEP is given by
P(X,)A(Ih)siak exp(—dz(x,)?)/wkzvo) (3.3)
k=0

Exact PEP and Chernoff bound expressions, which can be evaluated by taking expectation over

fading coefficients h , respectively are
16



P(X,)?):Eh éoakQ BN (3.4)
P(x,?)s {éakexp(—dz(x,k\)/%kl\b)} (3.5)

Taking expectation with respect to fading coefficieht‘ngz,thB i v Nsg 3, which follow

exponential distribution, the conditional PEP can be obtained as

P(X, X lItko F ey o ﬂ)sjj---jj@ak exp-(x X)/ AkN))j
XMy ) T ) o B pe) ity iy

A~ -1 -1

°° AE M N €2 |he o E

"% £1+ y J I LH AN &7
k=0 kN0 m=1 k'NO0

(3.6)

where A=3Y""_[x; =i £, 7n’s are the eigenvalues of STBC code malfix, and f pgo? ()
denotes the pdf ofhsp, . Further, taking expectation with respect|ty, |2,...,|hRM 5 1, which

also follow exponential distribution, the unconditional PEP isinbthas

~ -1 -1
)2 ENE M (1. €4E 48,0
P{X,X]< 1+ m ®m= _ TPkt
( ) kzoa{ 4ﬁkNOJ ﬂ[wkﬂzl\lo o Nm€m(E/ No)
48,0
N €n(E/ Np)

(3.8)
x| 0O

where F() is the upper incomplete Gamma function [49]. The infiniteasation in the derived
PEP expression can be safely truncated to a finite suommaitithout significant loss because
probability of very large number of interferences is nedligiénd Poisson distribution approaches
zero for large value of impulses. To verify the accyraeicderived PEP expression, (3.8) is plotted
along with the exact PEP given by (3.4) and Chernoff bound diy€B.5). We consider both highly
impulsive (HI) and near-Gaussian (NG) channels. As expe¢85) and (3.8) coincide for both

cases.
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Figure 3.1: Comparison ofderived PEP expression and Chernoff bound of STC-CD scheme in

spatially dependent noise.

We also note that the derived PEP expression includes thentiomat Gaussian assumption as a
special case. Recall that conditional variances of imuisoise is given byGNy. As T — o,
L converges to one. The summationayf in (3.8) over all possible values &f becomes equal to

one. Consequently, PEP expression reduces to

R ~ -1 M 2 -1 2
p(x,X)<[ 1+ LE| [/ 2 mlEIN)| o f  40%
4NO m=1 4Q ”mgm(E/ NO)
2
x I O,—24Q
M €0(E/ Np)

which is the PEP expression for AWGN case.

(3.9)
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3.1.2 PEP for Spatially Independent Noise

Now, we return our attention to the case where we havéakpahdependent noise samples.
Assume that number of impulses affecting rel&ys..., R, are statistically independent and denoted
by Poisson random variablds,,...,Cy, . On the other handC,,,; is a Poisson random variable
representing the number of impulses affecting destination mddé&€ontrary to single summation
expression for spatially dependent case, the conditional b given by

P(x,?|h):§o...§o...i [hﬁlaknj

kv +1=0\ r=l

v (3.10)
xqidz(x,x)/Jz[ﬂrgD FABBy,., + 2. n(e70/Q%) Iheg FINg off ,kj N}

Exact PEP expression can be evaluated by taking expectatier fading coefficientsh of

conditional PEP expression in (3.10). An approximation of the conditi®BP expression can be
obtained as

PX.XIN)=3 3 ¥ (D”J

k=0 k=0 _ku+1=0

v (3.11)
XQM‘(”&DFAE+an(g?n/QZ)|hS% Fing, DF}/ZM}
m=1
by setting S, =...= By, ., =P, which denotes the average number of impulses affecting the
destination and relay nodes during a transmission framesagein by
M
O=(LY " B, +(P+L)Bq,.) (M+1)L+P) (3.12)

Using Chernoff upper bound and taking expectations with regpérding coefficients, we obtain

P(X?)éii 5 (“ﬁaknj(“ ENE Jllﬂl{nmsi(E/No)Jl

k=0 k=0 ky11=0 4PNy | hed 40Q° (3.13)
4DQ? 4PQ?
XeXp —— — 2 (el N
”mgm(E/ NO) ”rrfgm( E/ N))

As justification for derived approximate PEP for STC-CDesne in spatially independent noise,
Chernoff bound and derived PEP expressions along with the lRkstare illustrated in Figui2.

The approximate PEP provides a good match to the Cherngifibo both HI and NG noise.
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Figure 3.2: Comparison ofderived PEP expression and Chernoff bound of STC-CD scheme in

spatially independent noise.
3.2 Performance of RB-CD Scheme

3.2.1 PEP for Spatially Dependent Noise

The Euclidean distance betweef and X conditioned on fading coefficients is given by (3.1)
where X is now defined as in (2.24). In a similar manner to thevatoins followed in sectio.1,
taking expectation with respect to fading coefficiehthlthSB i v Nsg 3, the conditional

PEP can be obtained as

A -1 -1
~ @ AE M A& |hg o E
P(X7X llheo Foeenilgy o Zl)szak[ ¥ ¢ J H[ =" Deyo J (3.14)

k=0 48Ny | ma 46N (1+ Ui )
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Further, taking expectation with respect |tbgp |2,...,|thI 5 1, which also follow exponential
distribution, the unconditional PEP is obtained as
® Z Y 2 1 2
P(X,?)sZa{h <AE J ﬂ{—Agm(E/ TO)J exr{—4’8';(l+um) J
k=0 4BNo ) e 46 (1+0g) Atf'm(E/No)

2
x[ 0, 4135(1+Um)
Aen(EINy)

(3.15)

The derived PEP expression along with the Chernoff bound and BEdRtexpressions are

illustrated in Figure3.3.

+
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> NG, Chernoff bound
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Figure 3.3: Comparison ofderived PEP expression and Chernoff bound of RB-CD scheme in

spatially dependent noise.
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3.2.2 PEP for Spatially Independent Noise

Similar to derivation in subsectidl.2, the conditional PEP is given by

P(x,>?|h):i.-§ 53 Cﬁlaknj

kl=0 k| =0 kM+1_0 n=1

_ (3.16)
XQ[dz(X,X)/\/Z(ﬂhSD FAEﬁkM+l+Z_A(£?n/(1+U§n)) Ihsg flhg o8 ;ﬁj '\b}

An approximation of the conditional PEP expression can benalntas

PR L) L) oo M +1
P(x,X|h)=Z Z [ﬂaknj
hz0 K (3.17)
X L E|hSD|2AE+ZA(€ /(1+Um))|h8|?n| lhg DF}/ZCDNO}
by setting&(l = ...=,8kM " 613 which denotes the average number of impulses affecting the
destination and relay nodes during a transmission framesangein by
®=(PYY_A., +P(M+1)5,.)/ (PA+2M)) (3.18)
Taking expectations with respect to fading coefficiemts obtain the approximate PEP as
- ) ) M +1 fAE gy Agr%(E/NO) -
P R)E X2 3 | % A lE )
ki=0 k; =0 kv +1=0 4(DN = 1\ 4CD(1+ Um ) (319)

xex

AD(1+0U32) r 4P (1+U2)
A (E1Ng) Asi (E1 Ng)

The derived PEP expression along with the Chernoff bound and BERtexpressions are

illustrated in Figure3.4.
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Figure 3.4: Comparison of derived PEP expression and Chernoff bound of RB&bBme in

spatially independent noise.

3.3 Diversity Gain Analysis

Diversity gain is an essential parameter to quartiéyegnhancement of the wireless communication
system deploying a diversity technique. In diversity gainyaiga we will discuss the achievable
diversity order based on the derived PEP expressions in (3.9), (B13), and (3.19). Diversity

order for finite SNR values is defined as [50]
d(E/ Ny)=-(E/ N))(alog Ax - X)io( & m)) (3.20)
Diversity order for STC-CD scheme is found as

d(E/No)=- % éak Al A+ A+ At A (3.21)
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where Ay A, A,, Az and A, are given by

Q(A ' v & ak N -M
Ao—[ o (E/NO)J Al LH[TD (E/Ny)

=1

(3.22)
M 2
xexp[(E N )‘ﬁkz_l( n j J[ﬂlrm( s ¢ /Nofln,
M -1
A=) (E/NO)_lexp{ 'gk (E/NoY j{rm[ ; [’;k (E/INY D , (3.23)
m=1 /7m ‘gm /7m m
Azz-ﬁk(E/No)z[%[’%} } (3.24)
Ay=-M(E/ No)™, (3.25)
A, = —L <A J (3.26)
45 +éA(E I Ng)

In low SNR region, i.e.E/ N, —» 0, an approximation of diversity order can be obtained as
dO-[A+A+ A+ Al (3.:27)
whereA;, A,, A; and A, are defined in (3.23)-(3.26) with replacigg by .

For high SNR values, i.e.E/ N, > 30 dB, an approximation of diversity order can be given as
dU-(E/N)[A+ A+ At A (3.28)

where A, A, Ay and A,are now calculated by replacing, in (3.23)-(3.26) by/,. For the
limiting case of E/ N, — o, it can be shown th# andA, converge to zero. Replacing those in
(3.28), we observe that the diversity order converg®s +d which is the full spatial diversity for the

M-relay system under consideration. Details of this deomaire provided in Appendix.

3.4 Union Bound on BER Performance

Once PEP is obtained, we can obtain a union bound dittaeor rate (BER) using [51]

R<= Zp(X)Z q(x x)P(x x) (3.29)

X#X
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where p(X) is the probability that codewordX is transmitted,q(X,S(\) is the number of
information bits in error if decoder decides in favor%f, and n is the number of information bits
per transmission. For example, union bounds on BER usingKBRHSK, and 8-PSK modulation
schemes with Gray mapping respectively for RB-CD and §DCschemes are
Po.epsk < W(4) +W(8)

(3.30)
Pyopsk < W(2) +3W (4)+ 3V (6)+ W (8) (3.31)
P, gpsk s%W(O.5858)+g W (zygw (3.4143%2w (4)

+§w(1.1716}+ AV (2.5858) P (4.5858)%6W (5.41¢ (3.32)

+:—§W(6)+§W(6.8284)+—2W (7.4143_?# @)

where we usép (A) to denote the derived PEP expressions with Euclidean distance
A=|x; =X P+ [x= %, f.

These expressions will be used in the next chapter in tiveifation of the power allocation problem.
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Chapter 4

Optimum Power Allocation

Optimum power allocation is a key technique to realize fthe potentials of relay-assisted
transmission promised by the information-theoretic resuitshis chapter, we formulate and solve
the optimum power allocation problem for STC-CD and RB<chemes under consideration aiming

to minimize the BER performance.

4.1 Optimization of Power Allocation for Multi-Relay System

Optimization of power allocation is based on minimizing theniound on BER with respect to
&, ... -1 which have been earlier defined in sectich3 subject to constraints

0<é,...40pm-1 < 1 The minimization problem can be formulated as

min  A(E, . Wua) (4.1)

OSE,I,Ul,...(,UM =1

where /\(E,l,[/l,...,l,l/M_l) is the objective function given by (3.29). Its specific fatepends on the
modulation scheme and coding employed across the relayntdsmas discussed in sectiGm.
Optimum values for power allocation in cooperative commuioicasystem are obtained by solving
(4.1). A closed-form solution for (4.1) is unfortunately astilable; however, this problem can be
efficiently solved through numerical methods. We use MABLsoftware to solve the optimization
problem. Specifically we use the MATLAB function “fmincon’high is based on gradient-based
method and employs sequential quadratic programming (S&Pkach iteration, a quadratic
programming sub-problem is solved and an estimate of thsidfesf the Lagrangian is updated

using Broyden, Fletcher, Goldfarb, and Shanno (BFGS) quastdh method [52].

4.2 Numerical Results

In Tables4-1,4-2,4-3, and4-4, we report optimization values through numerical ogttron for
a two-relay system in HI and NG environments considering 6DCand RB-CD schemes. We

consider six representative scenarios where we have dgéauotetrical layouts for two relays:

e Scenario 1.0, =-30 dB,®, =-30 dE,
e Scenario 20, = 0dB,0,=-30 dE,
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« Scenario 39, = 30 dB,®, =-30 dE,
e Scenario4©;,= 0dB,©0,= 0dB,
e Scenario50,= 0dB,0,= 30dE
e Scenario 60, = 30dB,0,= 30dE

4.2.1 Highly Impulsive (HI) Noise

First, we consider STC-CD scheme in HI noise, where weAlsmouti-coding across relays, 4-
PSK modulation schemeg, =@, =77, A=10", and I =0.1. The optimization values are
reported in Tabled-1' and it is observed that these values differ signifigafibm [47] where
optimization values for Gaussian noise are reported feingle-relay system. We also notice that
optimum valuesé and ¢ follow a certain pattern based on the SNR range of stteFer scenario
1, optimum value remains almost constant for SNR range of 0 dB to 50 dBrwwesideration.
For scenarios 2 and &, is nearly constant in low SNR region followed by a tit#os region in the
region of 15-20 dB and then convergence to a constant valuese®/similar trends for optimum

values of¢,.

In Table4-2, we present optimization valuésand {4, for RB-CD schemeg,, ¢,, A, andl are
kept the same as in the STC-CD scheme. Modulation is clags@PSK. We observe from the table
that £ is almost constant for the whole range of SNR in séeda However, in scenario 2 and &,
values decrease in the region 0-10 dB, then increasemarsas 2 and 3 in the range of 10-20 dB and
10-35 dB respectively. Thené will in general decrease for both scenarios. A simttend is

observed for the values ¢f; for scenarios 1-3.

! Since optimization did not yield any significant perfarme improvement (as confirmed through simulations)
in scenarios 4-6, optimum values for scenarios 4-6 waittenl from these tables.
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Table 4-1: Optimum powemllocationvalues for STC-CD in HI noise.

SNR Scenario 1 Scenario 2 Scenario 3

[dB] ; m z o, ¢ o,
0 0.9726 0.5000 0.7933 0.9919 0.9719 0.0001
5 0.9750 0.5000 0.7785 0.9946 0.7469 0.9957
10 0.9758 0.5000 0.7712 0.9954 0.7205 0.9970
15 0.9771 0.5000 0.7922 0.9943 0.7585 0.9957
20 0.9783 0.5000 0.9599 0.7276 0.9498 0.8308
25 0.9785 0.5000 0.9777 0.1161 0.9777 0.1179
30 0.9787 0.5000 0.9798 0.0071 0.9798 0.0001
35 0.9787 0.5000 0.9807 0.0001 0.9807 0.0001
40 0.9784 0.5000 0.9810 0.0001 0.981( 0.0001
45 0.9779 0.5000 0.8078 0.9941 0.9808 0.0001
50 0.9772 0.5000 0.7897 0.9950 0.9723 0.5060

Table 4-2: Optimum power allocation values for RB-CD in HI noise.

SNR Scenario 1 Scenario 2 Scenario 3
[dB] é ¢ ¢ ¢ ¢ ¢,
0 0.9491 0.5000 0.7576 0.9018 0.7827 0.883
0.9525 0.5000 0.7427 0.9165 0.7442 0.913
10 0.9530 0.5000 0.7337 0.9217 0.7175 0.925
15 0.9518 0.5000 0.7658 0.9026 0.7728 0.897
20 0.9521 0.5000 0.8756 0.7852 0.9472 0.452
25 0.9530 0.5000 0.8611 0.8159 0.9693 0.063
30 0.9543 0.5000 0.8263 0.8649 0.9722 0.005
35 0.9553 0.5000 0.8008 0.8903 0.9732 0.000
40 0.9557 0.5000 0.7814 0.9041 0.9192 0.690
45 0.9555 0.5000 0.7667 0.9119 0.8362 0.860
50 0.9552 0.5000 0.7541 0.9172 0.7847 0.899
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4.2.2 Near Gaussian (NG) Noise

In Table4-3 and 4-4, we present optimum valueséatnd ¢4 for STC-CD and RB-CD schemes
respectively, in NG noise. From these tables, we obséatefor both schemes, values éfare
almost constant through all considered values of SNReénagio 1. In scenarios 2 and &, take
values that are decreasing but approachirig76 and~ 0.68 respectively at high SNR for STC-CD
scheme. As for the RB-CD scheme, valuesfofat high SNR are- 0.71 and~ 0.66 for scenarios 2

and 3 respectively.

As for comparison of optimum values éf between HI and NG noise, we notice different trends.
In HI noise for STC-CD scheme, values tend to incréalémved by a constant region then decrease
at high SNR. For RB-CD scheme, optimum values for ates 2 and 3 will have a slight initial
decrease then a similar behavior as STC-CD scheme. HowavBiG noise for both schemes,

optimum values will tend to decrease throughout the ran§&lBf values.

Table 4-3: Optimum power allocation values for near Gaussian chdon8TC-CD

SNR Scenario 1 Scenario 2 Scenario 3
[dB] 3 ¢ ¢ ¢ ¢ ¢,
0.9741 0.5000 0.9771 0.0001 0.9771 0.0001
5 0.9764 0.5000 0.8118 0.9927 0.9795 0.0001
10 0.9767 0.5000 0.7912 0.9947 0.980( 0.0001
15 0.9765 0.5000 0.7787 0.9953 0.7499 0.9963
20 0.9762 0.5000 0.7707 0.9956 0.7213 0.9971
25 0.9760 0.5000 0.7655 0.9957 0.7051 0.997b5
30 0.9758 0.5000 0.7620 0.9958 0.6953 0.997/6
35 0.975¢ 0.£00C 0.758¢ 0.995¢ 0.686¢ 0.997¢
40 0.975¢ 0.£00C 0.757: 0.995¢ 0.683: 0.997¢
45 0.975: 0.£00C 0.756¢ 0.995¢ 0.680¢ 0.997¢
50 0.975: 0.£00C 0.755¢ 0.995¢ 0.678¢ 0.997¢
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Table 4-4: Optimum power allocation values for near Gaussian chdon&B-CD

SNR Scenario 1 Scenario 2 Scenario 3

[dB] '3 W '3 W, o,
0 0.9497 0.5000 0.7892 0.8835 0.9117 0.6764
5 0.9535 0.5000 0.7691 0.9058 0.8381 0.8505
10 0.9545 0.5000 0.7554 0.9157 0.7875 0.8955
15 0.9544 0.5000 0.7427 0.9206 0.7473 0.9162
20 0.9539 0.5000 0.7322 0.9238 0.7171 0.92[72
25 0.9534 0.5000 0.7245 0.9257 0.6966 0.9330
30 0.9531 0.5000 0.7192 0.9269 0.6833 0.9363
35 0.9524 0.5000 0.7109 0.9285 0.6644 0.9402
40 0.9523 0.5000 0.7096 0.92871 0.661{7 0.9407
45 0.9522 0.5000 0.7086 0.9289 0.6597 0.9411
50 0.9522 0.5000 0.7078 0.929(¢ 0.6582 0.9414
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Chapter 5

Simulation Results and Discussion

In this chapter, we present Monte Carlo simulation restdt demonstrate the error rate
performance of multi-relay system under impulsive noisairasgy equal and optimum power
allocation. We consider a two-relay cooperative systdrarathe relays employ either Alamouti or
repetition coding. To ensure a fair comparison in throughpet lamouti and repetition-based

schemes are simulated with 4-PSK and 8-PSK schepmatively.

5.1 BER Performance for OPA in Multi-Relay Channel

First, we analyze the effect of different degrees gulsiveness on Alamouti-based scheme. In
Figure5.1, we present the simulated BER performance of the dléirbased scheme over Rayleigh
fading channel in the presence of impulsive noise with vaimopsilsiveness degrees. Specifically,
we consider HI noise wittA=10"*, moderate impulsive (MI) noise withA=102 and NG noise
with A=1. In all three noise environments, we hdve: 0.1. The performance over Rayleigh fading
channel in the presence of AWGN is also included asnahioeark. We consider scenario 1 where

both relays are located close to destination.

As observed from Figurg.1, the performance under impulsive noise dramaticalfgrdifrom that
of AWGN. The distinguishing characteristic of system k@ ain HIl noise is three-region
performance; BER curve first decreases linearly with SHowed by a flat-region, finally
decreasing again with increasing SNR. As the impulsive igg¢x larger, the flat-region tends to
appear early, i.e., in the lower SNR region. Once the shmilindex is sufficiently large (i.e.,
channel tends to Gaussian), it disappears. It is alsorieng to note that convergence to asymptotical
diversity order is slower than we typically observe in gl&gh faded point-to-point multi-antenna
diversity link with AWGN. This can be also verified duethe presence of Gamma function (as a
result of cascaded channel structure over the relaying pathywanohation term (as a result of

impulsive noise) in the derived PEP expression given by (3.8).
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Figure5.1: Performance of Alamouti-coded scheme in HI, Ml and NGedor scenario 1

In an attempt to demonstrate the effects of relays’timcawe illustrate in Figureb.2 the
performance of the Alamouti-based scheme for scenarébs\Wle assume HI noise witd =10
andl =0.1. We observe from Figure 2 that the same diversity order is obtained irrespeofitiee
location of relays. The best performance is howeveinatlan scenario 4 where both relay nodes are
located in the middle between source and destination nodes. drie performance is observed in

scenario 3 where one of the relays is closer to sourceamutithe other relay is closer to destination

node.

32

50



10°

-~ —t+—scen 1[-30dB ,-30dB] -

10" i__| —%—Scen. 2[0dB,-30dB]
12 Scen. 3 [30dB,-30dB]

107 17| —* —Scen. 4[0dB, 0dB] ||
===~ Scen.5[0dB, 30dB] -

. . Scen. 6 [30dB , 30dB] I

) 10 g‘ : E;‘EE %
E O _C----oa-----1-Z E
o 4 i
S 10 3
LTJ o ]
@ 40° .
10° ]

10"

108 A o e B

0 5 10 15 20 25 30 35 40 45 50

SNRin dB

Figure5.2: BER performance of Alamouti-coded scheme for variougyselacations

It is interesting to note that performance comparisor@gnthese scenarios highly differ based on
the coding employed across relay nodes. For instance, FHditbe performance of the repetition-
based scheme for scenarios 1-6. We assume HI noiseAwithO™ and I = 0.1. As illustrated in
Figure5.3, repetition code based scheme yields the best perforimascenario 1 where both relays
are located close to destination node. A further comparistwelen Figuré.2 and Figur®.3 reveal
that, in scenarios 1-3, repetition-based cooperative scbetperforms Alamouti-coded scheme by
1.5-3 dB at a target BER of $00n the other hand, scenarios 4-6 become favorable forodkxm

coded scheme which outperforms repetition-based cooperetiees by 1-2 dB at BER=10
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Figure5.3: BER performance of repetition-based scheme for variglags’ locations

To have further insight into the difference in BER perfange between Alamouti-coded and
repetition-based cooperative schemes, we investigate tivedi€EP expressions in (3.8) and (3.15)
respectively. Derived PEP expressions illustrated in Eiguf and Figur&.5 depict the difference in
PEP values for scenarios 1-6 at SNR=22 dB. Best andt woenarios for Alamouti-coded and
repetition-based cooperative schemes can be readily nokoednstance, worst performance in
Alamouti-coded scheme is indicated by the maximum pointigurg 5.4, which corresponds to
scenario 3. On the other hand, as observed from FigGren repetition-based scheme the maximum

value of PEP is encountered in scenario 6.
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In Figure5.6 and Figure.7, we demonstrate the performance gains achieved thrqiighum
power allocation (OPA) for Alamouti-based scheme in comparis equal power allocation (EPA).
In HI noise case illustrated in FiguBe6, we observe gains in the range of 2-3 dB at BER=10
depending on the relay locations. The gain is less as we chuser to the flat region. For example,
at BER=10, gains are in the range of 1-2 dB. In NG noise illusttah Figure5.7 we observe
performance improvements of 2.5-5 dB at BERZ10turns out that OPA is more rewarding as the

noise approaches to Gaussian nature.
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Figure5.6: Performance comparison of OPA and EPA in HI noise for-&DCscheme
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In Figure5.8, we demonstrate the performance gains achieved throBghf@ repetition-based
scheme. We observe gains in the range of 2.5-3.5 dB at BERddi@ending on the relays’ locations.
The gain is less as we move closer to the flat regionefample, at BER=1Y) gains are in the range

of 2-2.5 dB.
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Figure5.8: Performance comparison of OPA and EPA in HI noise fordEBscheme

So far we have assumed that noise samples are spdéptydent. In Figurg.9, we demonstrate
the effect of spatial independence on the BER performainite hoise is highly impulsive and SNR
values are sufficiently small (i.e., SNR < 30 dB),fpenance in spatially dependent noise is better
than that in spatially independent case. In higher SNRomedhis flips over and performance in
spatially independent noise becomes better. On the otherlh@hdcases exhibit similar performance

in NG noise, regardless of SNR region.
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Chapter 6

Conclusions

In this thesis, we have studied the performance of armptifisforward relaying schemes in the
presence of impulsive noise. For a multi-relay scheme, ave derived PEP expressions assuming
Rayleigh fading channel and Middleton Class A noise. We bansidered both spatially dependent
and independent interferers. The derived expressions inchrmdemtional AWGN as a special case
and can be considered as a generalization of existsudfsen the literature. Through PEP, we have
demonstrated that full spatial diversity can be extracteuighly impulsive noise environment for
sufficiently high SNR values. The performance of coopegatystem in lower SNR regions however
depends on the impulsive nature of noise and different divengsigrs dominate the performance in
different ranges of SNR®Based on a union bound on BER, we have further proposed power
allocation rules for performance improvement. Performayaies up to 5 dB at BER=fthave been

observed depending on the relay geometry and impulsiveness degree.
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Appendix

Appendix A - Convergenceof (3.28)to M +1

In this appendix, we demonstrate the convergence of the approxivetstgliorder for high SNR to

the full spatial diversity order of the system, M. +1. Let y=E / N, then

limd Olim (—y[A+ A+ A+ A)]) (A1)
yﬂoo yﬂoo
Now, we have
O R o R R G U R

lim (—-yA) =Ilim - Texp| - g MmO, g A2
fim (-yAy) = lim ymZzl y xp[ vl j{mﬂl [ L B (A2)

2
lim exp[—4Q '[jly‘ljzl, OmO{1,..M} (A.3)
y—e Tm €m

y—o 2 y—eo

2 0 0
lim T, [0,49 A y‘lj =lim [ tTetdt=[t"e" dt=T(0)=c, O M{L.., M (A4
0

MTm €m 40°6 4

Tm 5r2n
After further manipulation of (A.2) and using (A.3) and (A.4), aéain
lim (-yA;) =0 (A.5)
yaw
In addition, we have

M 2\t

lim (-yA;)=lim gy 3| Imém | |20 (A.6)
Yoo y-® m=1 402
lim (-yAs) =M (A7)
yaw
lim (-yA,) =1 (Using I'Hépital’s rule) (A.8)
yaw

Therefore, from (A.5)-(A.8), we conclude

imd =M +1 (A.9)
y*.OO
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