CHAPTER 1 INTRODUCTION

1.1 Motivation and Background

In the 3G/4G (the third/fourth-generation) digital cellular systems, wireless networks
and devices will support not only voice communication but also other high-speed data
and multimedia services including facsimile, file transfer, e-mail and video
teleconferencing. These services require the high data rate with low delay and bit error
rate (BER). Supporting these requirements is challenging since wireless systems are
subjected to many major constraints such as a complex and harsh fading channel, a
scare useable radio spectrum, and limitations on the power and size of hand-held
terminals [77]. Although increasing the transmitted power and channel bandwidth may
improve the data rate in wireless systems, these radio resources are very scarce and
expensive in a practical communication link [77], [79]. Moreover, increasing the
transmitted power leads to raise the power of interference and reduces the battery
lifetime of mobile transmitters. Therefore to obtain a high data rate together with
reliable transmission in wireless systems, the effective spectral and power efficient
fading mitigation techniques are required. In this dissertation, two particular techniques
such as diversity combining techniques and cooperation communications to improve the
performance of wireless systems are presented. In these techniques, the improvement is
achieved without an increase in the transmitted bandwidth and power but at the expense

of a higher system complexity.

1.2 Diversity Combining Techniques
For point-to-point wireless communications, various diversity combining techniques
such as selection combining (SC), maximum ratio combining (MRC), and equal gain

combining (EGC) have been proposed to mitigate the detrimental effects of multipath



fading in the wireless channels [3], [4], [11], [17], [19], [66-69]. In the absence of
interference, MRC offers the best performance improvement but comes at the expense
of complexity since it requires the knowledge of all channel fading parameters [36],
[77]. Alternative combining techniques such as EGC and SC are often used in the
practice because of their reduced complexity relative to the MRC. However, since many
practical wireless systems suffer from both interference and noise, attention has also
turned recently to the analysis of a communication link with the presence of channel
noise as well as multiple co-channel interferers (CCI) [1], [23]. In this case, the
optimum combining (OC) that maximizes the output signal-to-interference-plus-noise
ratio (SINR) has been widely studied in the literature [2], [23], [29], [34-35], [72-73],

[89].

1.3 Cooperative Communications

Although diversity combining techniques can unfold their huge benefit in cellular base
stations, they may face limitations which come from the deployment in mobile
handsets. In particular, the typically small size and low power of mobile handsets make
them impractical to deploy multiple antennas. An innovative approach to apply the
diversity combining without deploying multiple antennas is the cooperative
communications [44], [65]. The cooperative communications through multi-hop
relaying technology has emerged as an effective tool to enhance the spectral efficiency
and extend the coverage of cellular and ad hoc wireless networks [21], [56]. In
particular, multi-hop relaying can enable the source and destination nodes to
communicate through a set of cooperating relay nodes in which the transmitted signals
propagate through cascaded relay nodes, with the aim of extending coverage and

improving the performance of the network. For example, idle mobile stations between



the source and destination may be employed as relay nodes to provide extra diversity
links [51]. Recently, the two main types of relaying protocols which are widely studied
in the literature are amplify-and-forward (AF), and decode-and-forward (DF) relaying
protocol.

1.3.1 Amplify-and-Forward (AF) Relaying Protocol

In the most commonly used signal processing technique at the relay, the information

from the previous node is simply amplified and forwarded to the next node as shown in

Figure 1.1; this is known as amplify-and-forward relaying protocol. In Figure 1.1, Gj

denotes the gain at the nth relay node. AF relaying protocol is very simple to implement
as the relaying node essentially acts as an analog repeater. The resulting end-to-end
SINR of AF relaying depends on the choice of gain adopted at relay node [40-42], [45],

[51], [71].
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Figure 1.1 Multi-hop AF relaying systems

e Optimum Channel-state Information (CSI)
The optimal choice of the relay gain called the optimum channel-state information (CSI)
assisted relay that maximizes the end-to-end SINR inverts a linear combination of the

instantaneous channel gain and interference and noise powers at the relay node. The CSI

gain at the nth relay node @2 is given by [45], [51], [71]
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where «, is the fading amplitude of the desired signal at the nth node, and Gﬁ is the

noise power. The instantaneous power of the ith interferer at relay node 7 is denoted by

Zj,na i=12..,.L, where L, is the number of interferers.

e Suboptimum Channel-state Information (suboptimum CSI)
The suboptimal choice of the relay gain ignores the presence of interference and noise

information and is given by [40], [71]

G=L. (1.2)
aﬂ

e Fixed Gain Relay

For the simplification, the fixed or constant gain relay is chosen as [42], [71]

G’ =E

1
: (1.3)
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where E[—] is the expected value operator.

1.3.2 Decode-and-Forward (DF) Relaying Protocol

In large networks with many geographically distributed nodes, AF relaying may be
difficult to scale due to the strict synchronization requirement [65]. Alternatively, the
receiving node may first decode the information in the received signal and then re-
encodes it before forwarding it to the next node; this relaying format is referred to as
decode-and-forward relaying protocol. DF relaying provides the possibility to vary the
communication rate and prevents error propagation, but leads to higher decoder
complexity.

In addition, there are other relay processing techniques that have also been studied in
the literature. For example, the decode-amplify-and-forward (DAF) in which the relay

performs soft decoding and forwards the reliability information at the output of the



decoder instead of that extracted directly from the raw channel, to the destination. The
DAF protocol combines the merit of both AF and DF [15]. Also, the estimate-and-
forward relay (EF) transmits a hyperbolic tangent function of the received signal to the
destination [52]; the piecewise-and-forward (PF) provides a fine segment approximation
of the EF protocol [84], while in several other protocols the relays provide more

complicated functions of the received signals to the destination [37].

1.4 Objective

In this dissertation, we study the performance of OC technique and multi-hop AF&DF
relaying systems operating over multipath fading channels in the presence of
interference and thermal noise. The main dessertation objective is to provide easy-to-
compute analytical expressions that allow the researcher or system designer to perform
the comparison and tradeoff (performance versus complexity) studies among various
communication types and OC technique/ multi-hop AF&DF relaying systems so as to

determine the optimum choice in the face of his/her available constraints.

1.5 Outline

The remainder of the dissertation is organized as follows. In Chapter 2, a brief review of
the principal characteristics and models of wireless fading channels are presented while
in Chapter 3 the derivations for several system performance measures such as moment
generating function (MGF), outage probability, average symbol error rate (ASER) for
digital modulation schemes, amount of fading (AoF), and channel capacity are shown.
Then in Chapter 4 the performance of OC combining technique operating over
Generalized Gamma (GG) fading environment in the presence of co-channel

interference is investigated. Also several performance measures such as outage



probability, MGF, and ASER for digital modulation schemes are derived in this chapter.
In addition, the performance of dual-hop AF relaying system operating over Raleigh
fading environment in the presence of co-channel interference and noise is studied in
Chapter 5. Moreover, the outage probability in terms of the incomplete Weber function,
which can be easily evaluated numerically is derived. An approximate expression for
the outage probability, which is quite accurate for moderate and large average signal
powers along the source-relay and relay-destination links is also provided. Based on
this approximation the average bit error rate for both coherent and non-
coherent/differentially coherent binary modulations are then derived as well. In Chapter
6, the performance of multi-hop AF&DF relay transmission systems operating in a
Rayleigh fading environment in the presence of both CCI and thermal noise are
evaluated. Several performance measures for these multi-hop relay systems such as the
outage probability, the average symbol error rate, and the average channel capacity are
obtained. Moreover in Chapter 7, the outage performance of multi-hop AF&DF relay
transmission systems in the interference-limited Nakagami-m fading channels are also
obtained in terms of the Lauricella multivariate hypergeometric function of the second
kind which can be easily and accurately computed by the software programs e.g.,
MAPLE and MATHEMATICA. The accuracy of the analytical results is then verified
and depicted by computer simulation. Finally, the concluding remarks and future work

are given in Chapter 8.



CHAPTER 2 MODELING OF WIRELESS FADING
CHANNELS

Radio-wave propagation through wireless channel is a complicated phenomenon
characterized by various effects, such as multipath and shadowing. A precise
mathematical description of this phenomenon is either unknown or too complex for
tractable wireless system analyses. However, considerable efforts have been devoted to
the statistical modeling and characterization of these different effects. The result is
range of relatively simple and accurate statistical models for fading channels which
depend on the particular propagation environment and the underlying communication
scenario. In this chapter, the three common effects that are often encountered in wireless
systems such as multipath fading, shadowing and composite multipath/shadowing are
presented. The simple and accurate statistical models for characterization of these

different effects are then provided.

2.1 Multipath Fading

Multipath fading is due to the constructive and destructive combination of randomly
delayed, reflected, scattered, and diffracted signal components [36], [70], [77], [83].
Depending on the nature of radio propagation environments, there are two main
statistical models that can be used to describe behavior of multipath fading envelope,
namely, Gaussian and non-Gaussian model.

2.1.1 Gaussian Model

A Gaussian model is commonly used in modelling wireless communication channels
due to the mathematical tractability. Two well-known distributions of Gaussian model
that are widely used to characterize behavior of multipath fading envelope in both

outdoor and indoor environment are Rayleigh and Rice distribution [18].



e Rayleigh Distribution
Rayleigh distribution is frequently used to model signal multipath fading with no direct
line-of-sight (LOS) path. In this case, the channel amplitude & 1is distributed

according to

/. (a)=%aexp(—%z} 2.1)

where €2 is average mean-square value, Q = ‘az‘ .

Using [77, eq. (2.3)], the probability density function (pdf) of the instantaneous signal-

to-noise (SNR) ratio, ¥ can be given by

f():M (2.2)
7/7/ 2\/% ’ .

where y =€V ois average signal-to-noise ratio and o is the power of noise.

Substituting (2.1) in (2.2), the pdf of ¥ can then be shown as
1 _
f, (7)—; exp(—y/7). 2.3)

¢ Rice Distribution
Rice distribution is often used to model propagation paths consisting one strong direct
LOS component and many random weak components [18]. In this case, the channel

amplitude & is given by

S (a):wﬁ exp[—%}l{m #J (2.4)

where K is the Rician factor and 1, () is the modified Bessel function of the first kind

and zero order [7].

Using (2.2), the pdf of the instantaneous signal-to-noise (SNR) ratio is given by
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2.1.2 Non-Gaussian Model

Recall that the Gaussian distribution is commonly used to describe the multipath fading
in an environment where there are a large number of received radio wave paths. Hence,
Rayleigh and Rice model are derived theoretically by using a central limit theorem
(CLT) argument [18]. However, when the number of incoming radio paths is limited,
these distributions may not be the appropriate fading models since the conditions for
validity of the CLT may not hold [18], [32]. In this situation, some evidence indicates
that the signal amplitude can be well described by a non-Gaussian model such as
Nakagami, and Weibull distribution [77].

e Nakagami Distribution

The pdf of Nakagami distribution is given by [77]

2m"a"! exol — a_2
fa(a)——Q,,T(m) p[ m Qj, (2.6)

where m is the Nakagami-m fading parameter.

Applying (2.2) shows that the average SNR is distributed according to gamma

distribution given by

O

;j L exp(-my /7). 2.7)

['(m)
e Weibull Distribution

For Weibull distribution, the pdf of average SNR can be expressed as [26]
b b-1 b | —
fn==7 exp(—7" /7). (2.8)

where b is the Weibull fading parameter with the range from 0 to OO.
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2.2 Shadowing

In terrestrial and satellite land-mobile system, the link quality is also affected by slow
variation to the mean signal level due to the shadowing from terrain, building and trees.
The communication system performance will be interrupted only on shadowing if the
receiver is able to average out the fast multipath fading or using an efficient micro-
diversity system eliminates the effect of multipath. The well-known distribution which
can be model shadowing for various indoor and indoor environments is log-normal
distribution [77], [82].

2.2.1 Log-normal Distribution

For log-normal distribution, the pdf of average SNR can be given by [77], [82]

101 e
1) =—=2 exp[{ %207 ] ] (2.9)

\N2rmoy 20°
where £=10/In10=4.3429, 1 and 5 are the mean and the standard derivation of

10log,, 7, respectively.

2.3 Composite Multipath/Shadowing

A composite multipath/shadowed fading environment consists of multipath fading
superimposed on log-normal shadowing. This environment is often encountered in the
communication systems whose receiver does not average out the envelope fading due to
multipath but rather, reacts to the instantaneous composite multipath/shadowed signal
such as congested downtown areas with slow-moving pedestrian and vehicles, and
mobile satellite systems [16], [27], [57], [77]. There are several composite models that
were proposed in literatures such as Raleigh-lognormal [38], Nakagami-lognormal

distribution [43], Generalized-K distribution [6], [62] and Generalized Gamma
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distribution [78], [90]. The main concept of the composite model is that the

instantaneous SNR, 7 due to multipath fading is averaged over the conditional diversity
of average SNR, 7~ due to shadowing. Therefore, the pdf of instantaneous SNR in the

composite multipath/shadowed channel is given by [39], [77]

L= 1oL Edr . (2.10)

2.3.1 Nakagami-lognormal Distribution
For Nakagami-lognormal distribution, the pdf of instantaneous SNR, y is gamma

distribution given in (2.7) while the pdf of average SNR, 7 is log-normal distribution

given by
& {10log,, w— )"
_ = exp| — . 2.11
fy ) «/EGW p[ 20° ( )

Substituting (2.7) and (2.11) in (2.10), the pdf of instantaneous SNR, » in a Nakagami-
lognormal fading channel can be given by

2
'”’l'ro ! eXp[{mlOgloW’u} de, (2.12)
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Note that replacing m=1 in (2.12), (2.12) becomes Rayleigh-lognormal distribution. It
is unfortunate that the result of (2.12) is not in closed form, thereby making the
performance evaluation of communication links over this channel cumbersome.
Therefore other tractable composite distributions such as Generalized-K and
Generalized Gamma distribution are alternatively introduced in the literature.

2.3.2 Generalized-K Distribution

In Generalized-K distribution, the log-normal shadowing was approximated by a

gamma shadowing which has the pdf given by [6], [62]
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I (W)Z(:Jk ﬁfkl) exp(—kw/7), (2.13)

where k is the Nakagami parameter for shadowing.

Substituting (2.7) and (2.13) in (2.10) yields

f7(7)—rn;yr( ( jj Wk’"lexp( {77/+Wk/77}jdw_ (2.14)

Using the identity in [38, eq.(3.471.9)], the pdf of instantanecous SNR, J in

a Generalized-K fading channel can be given by

Vﬂ+1

p1
fy(ﬂf)zmﬂf Kk,m(vx/;), (2.15)

where now v=+\/4km/y , B=k+m-1, and Km() is the modified Bessel function of

the second kind and m™ order [7], [61].

2.3.3 Generalized Gamma Distribution

The other composite distribution which includes many well-known channel models for
both multipath as well as shadowing is the Generalized Gamma distribution. This model
includes the Rayleigh, Nakagami and Weibull as special cases, the log-normal
distribution as a limiting case, and can also appropriately approximate the Suzuki

distribution. The pdf of instantaneous SNR in a GG fading channel is given by [78]

K ale c » .
fm):(;] ey e (k7Y 2.16)

where &, a and ¢ are GG fading parameters. These fading parameters can be chosen to

introduce the different distributions for multipath fading and shadowing as shown in

Table 2.1.



Table 2.1 The envelope distributions derived by GG distribution

Distributions a c k
Generalized Rayleigh 2

Rayleigh 2 2 1
Gamma 1
Chi 2v 2
Nakagami-m 2m 2 m
Weibull a=c

Chi-square dr2 1 172
Half-Gaussian 1 2

One-sided exponential 1 1

Log-normal c—0 k—o0

13
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CHAPTER 3 SYSTEM PERFORMANCE MEASURES

As the performance of wireless communication systems is degraded by several
detrimental effects e.g. multipath fading, shadowing, co-channel interference and noise,
it is important for the system designer to have the analytical measures that allow easy
and accurate performance evaluation. In this chapter, the wireless system performance
measures are presented including moment generating function, outage probability,
average symbol error rate for digital modulation schemes, amount of fading (AoF), and

channel capacity.

3.1 Moment Generating Function (MGF)

The moment generating function of output SINR is given by [58], [77]
M",(t)zTe'”fy(y)dya (3.1)

where fy (V) is the pdf of instantaneous SINR. Moreover, the MGF may be alternatively

expressed as

M, (1)=1-[eF, (y)d7 » (3.2)

where Fy(y) is the complementary cumulative density function (ccdf) of the SINR,
defined as F, (y)=1-F(y). Note that the (3.2) is obtained from (3.1) by using

Vg,

integration by parts.

3.2 Outage Probability

The outage probability is defined as the probability that the output SINR y falls below a

predetermined protection ratio 7, and is given by



15

7th

Pout: J. f}/(}/)d;/:F;/ (7;/1)’ (33)
0

where Fy () is the cumulative density function (cdf) of instantaneous SINR.

Furthermore, using the MGF-based approach, the outage probability can be evaluated as

[5]

(3.4)

t x=y,’

om0

where £(.) 1s the inverse Laplace transform [38].

3.3 Average Symbol Error Rate (ASER)
The ASER which is an important performance study of digital communication systems
with fading channel can be derived by averaging the conditional SER F, («9| 7/) over the

instantaneous SINR 7 as

P =

s

P.(eln)f, (7)dy - (3.5)

O ey 8

The conditional SER 2 (47) can be shown in a generic form as [63], [77], [87],

6-

Y| zexp( mj , (3.6)

Ml\h

8‘ }/ sin“ @

Nx

=1
where parameters Z, A, ¢. and 0 are used to represent the various modulation

schemes as shown in Table 3.1.

Substituting (3.6) in (3.5), the average symbol error rate can be given by

fﬂg.[exp[—&zy]/y (]/)d}/dl9 ,
0 0

sin“ @
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MNI

HEAZM [Sm g] , (3.7)

N
1‘

where M(t) is the MGF given in (3.1).

Table 3.1 The parameters of a generic form for several modulation schemes

Modulation ~
Schemes Z ﬂ'g ¢§ ‘92
MPSK 1 1/ 2
Gin (7z/M) 7z (1-1/M)
MQAM 2 z
? 4/ﬂ(1—1/m) 3/2(M-1) 2
3
2 il _ z /4
41211 2 (-0 i
MPAM 1 2/72(1-1/M) 3/(M2—1) 2
2 T /2
MSK 2 —
z 1 z
1 4
z 1 /2
2/
DE-BPSK 2 2x 1 /4
1 z
-4/ 2
DE-QPSK 4 ! Ly
-8/z 2 d
. 1 1/2 7
(4/7r2)cos_ [(3cosZ€—1)/(3cos320—l)} 6
1/2 -1
(4/71'2)|:72'—C0571((3COS20—1)/(2005329))—1:| sin (1/\/3)/”
1/2

3.4 Amount of Fading (AoF)

The AoF, or “fading figure,” is a unified measure of the severity of the fading and is

defined as [77],

nop EL7-(EDY 53)
ER)

where E[.] i1s the expected value operator defined as E[x"] .[0 x"f,(x)dx [58]. In

addition, using the MGF-based approach, E[.] may be defined as

E[y"}:j; My(t)tzo. (3.9)



17

3.5 Channel Capacity

Channel capacity is the tightest upper bound on the amount of information that can be

reliably transmitted over a communications channel which can be defined by

5=Wj10g2(1+y)/g(y)dy, (3.10a)
:WTF_f(”dy, (3.10b)
o 1+

where W is the channel bandwidth.
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CHAPTER 4 OPTIMUM COMBINING TECHNIQUE IN
GENERALIZED GAMMA FADING CHANNELS

4.1 Introduction

As a consequence of the growing interest in wireless communication systems, much
effort is being devoted to the channel characterization and modeling. This is obvious
since the performance depends fundamentally on the channels under consideration, so a
communication system design must be preceded by the study of channel characteristics.
Wireless communication channels are mainly described by considering three separable
phenomena, namely, multipath, shadowing, and composite multipath fading/shadowing
[77]. There are different fading-shadowing distributions that have been used to model
these composite fading such as Rayleigh-lognormal, and Nakagami-lognormal
distribution. However as shown in Chapter 2, the main drawback of these composite
fading models is their complicated mathematical forms which make the analytical
performance evaluation very difficult. A relatively simple and versatile envelope
distribution that generalizes many of the commonly used models for multipath and
shadow fading is the Generalized Gamma distribution [28], [89]. The GG distribution
can be used to account for both multipath fading and shadowing conditions and includes
the Rayleigh, Nakagami and Weibull distributions as special cases, the lognormal
distribution as a limiting case, and can appropriately approximate the Suzuki
distribution as well [28], [89].

The GG distribution was originally introduced by Stacy [78] as a generalization of the
gamma distribution. Due to the highly flexible form of the probability density function,
it has applications in many areas. For example, in teletraffic analysis, Zonoozi and
Dassanayake [94] have shown that the GG distribution is adequate to characterize the

cell residence time of both new and handover calls in cellular mobile networks. In radar
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applications it has been shown that the GG distribution, as a clutter model, encompasses
a wide range of distributions ranging from the Rayleigh distribution to the Weibull
distribution and other pdfs with longer tails based on the statistical moments and
goodness-of-fit tests [12], [49]. In speech signal processing, Shin et al. [74] have shown
that a two-sided GG distribution models speech signals better than the generalized
Gaussian, Laplacian, or gamma distributions. In the context of image and video
processing, it is important to know the pdf of the image signal in the discrete cosine
transform (DCT) domain. The same authors showed that the DCT coefficients based on
the GG distribution gives the best performance [75]. In the field of wireless
communications, Coulson et al. [28] have shown, via simulation, that the GG pdf (like
the Suzuki pdf) can characterize the behavior of multipath/shadowing fading. As a
result the performance evaluation of digital mobile receivers in the presence of GG
composite fading is of practical importance.

Although the Generalized Gamma distribution has been shown to adequately
characterize the wireless channel in many practical fading environments, the study of
performance results in such channels have so far limited to the case of no interferers.
For example with the absence of interference, the performance of ASER for digital
modulation schemes with no diversity in GG fading channel was studied in [4], [28].
Moreover the outage probability and the ASER of MRC, EGC, SC, and SWC receivers
were obtained in [3], [66], [68]. However many wireless systems suffer both effects of
interference and noise. In this case, the OC technique that maximizes the output signal-
to-interference-plus-noise ratio should be employed at the receiver to mitigate the
effects of CCI and noise. To the best our knowledge, the performance of OC receivers

over GG fading channels with CCI is still not available in the open literature.
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In this chapter, we investigate the system performance of OC operating over a GG
fading channel in the presence of co-channel interference. The closed-form expressions
for the important performance measures such as the outage probability, moment
generating function, and average symbol probability for various digital modulation

schemes are then derived.

4.2 System Model

In this section, we consider a wireless communication system employing optimum

combining receivers in an interference-limited environment as shown in Figure 4.1.

1* receiver » Woc
User
so?‘ \
ny

nd . »

Interferers 1 | — 2" receiver > Woc

5,(2)
Interferers N | s, (¢) L™ receiver Woc

Figure 4.1 Optimum combining receivers with /N interferers

In Figure 4.1, the system is dominated by the main effect of CCI. The received signal at

the output OC receivers is then given by
N
F(1) = Wi |[NQo X5, ()3 JQ, X s,(1) | (4.1)
7=

where X) and € are the complex fading gain and power for desired signal So(f), and
Sj(t)is the jth co-channel interference signal at the output with complex channel gain

Xjand power Q7 The OC weighted vector gain is denoted by W,. and a superscript H

is the Hermitian transpose.
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Also assuming that the complex fading gains )% and X/ follow the spherically invariant

random process (SIRP) so-called the spherically invariant random vector (SIRV) [24],

[64], [86]. Therefore, they can be characterized by the product of a non-negative
random vector (x) and a Gaussian random vector (Z),as X, =uyZ, and X J :uij

[92]. It is noted that the pdf of # which is used to classify the types of the SIRP is called
the characteristic pdf (Cpdf) of an SIRP [86].

The weight vector W

oc

that maximizes the output signal-to-interference ratio (SIR) is

given by [89]

N -1
W,.=R'X, {Zgixixﬁ} X, (4.2)

i=1
where R is the interference covariance matrix given by [72], [73].
Noting that all interference signals have equal power £2= =,...,Q, and are modulated
by the same independent positive random variable #, which is independent of u, that

modulates the desired signal [24].  Therefore, the interference covariance matrix R

may be expressed as

N N
R= {Z X X! } = ~2Q{Z z.z" } (4.3)
i=1 i=1
Substituting (4.2) and (4.3) in (4.1), the output SIR 7 of OC combiners can be written as

y=XIR"'X,,

Q 2 ul B
:HO(M0 /i) z; {Zl: zizi”} Z,. (4.4)

Conditioning on the positive random variable u,and u, the random variable } has the

Hotelling T statistic and can be written as the ratio of two independent central Chi-

square random variables [72], i.e,
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Xo(N-L+1)
where %,; and ;22( v-z+1) are the central Chi-square random variables with degree of

freedom (DOF) =2L and 2(N-L+1), respectively. Therefore, the pdf of SIR7y,

conditioned on »?and #?, 1y (7/‘ uz, ﬁz) can be expressed as

f7(7”‘§’ﬁ2)‘[ugizo] [ulej ] NL+10 [ {LQ i)Dd;}. (4.6)

Using [38, €q.(3.3814)] and [8], the integral term in (4.6) may be expressed as

_ (sA)fL}/L" [ sA
fys)= F(L)E(N-L+1) ™ ‘N+l “7)
where G(.)is the Meijer-G function [38], [53], A=€}/Q is the average SIR and

s = ué/ i@’ is the random variable that depends on the chosen Cpdfs of SIRP. Therefore
the pdf of the output SIR y for OC receivers in an SIRP fading channel can be obtained
by

ALyl T (sA
fj/ (7) = F(L)F(]j\/f—L—i-l) _([S Gl,’l[S],N}ijS(S)dS- (4.8)

4.2.1 The Characteristic pdf (Cpdf) of SIRP Envelope Distribution
The envelope of SIRV can be given by Ry =uR, where R, = [z +Z‘f]”2 is the

envelope component of zero-mean Gaussian vector.

The pdf of R, is given by [64], [86]

S, (r)= rTu‘z exp[—;;]fu(u)du, (4.9)

0

where ﬁ/l(u)is the Cpdf of SIRP envelope distribution.

On the other hand, the pdf of the non-negative random, u may be expressed as
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o0

fu (”)=J."ZfRX(”’”Z\”z)fRZ(’”z)d"z . (4.10)

0
Note that (4.10) requires the knowledge of fRX (ry) and f Ry (rz). For the case of
fRX (ry) being the Generalized Gamma distribution which includes many useful

distributions for modeling wireless fading channels such as Rayleigh, Nakagami,

Weibull and lognormal distribution as shown in Chapter 2. Moreover in the case of no

direct LOS path, f Ry (r7) is modeled by Rayleigh distribution.

Therefore substituting (2.3) and (2.16) in (4.10) and using [8, eq.(11)], yields

k' cu®™ 110 r
a+G
Ju @)= (a/c) !I’ o 5

O)Gé?((kur) ‘Ojdr, (@.11)

where the fading parameters a, ¢, and & are given in Table 2.1.
Next using the identity in [30] and some mathematical manipulations, the closed-form

Cpdf expression for Generalized Gamma distribution can be expressed as

ka/ccua—l (271_)(6/2—1)/2 2a/2
ful)= 1"(a/c)(c/2)(lfa)/2 ez (ku) “

A(c/2,1-a/2
(e/2a )j (4.12)

where A H)= % it k-l

»—f s > and c is a non-negative even number due to the
integer term of ¢/2 in the Meijer-G function.
4.2.2 Generalized Gamma Fading Channel

Applying the Cpdf of Generalized Gamma envelope distribution in (4.12), fg(S),

2/ ~2 .
S =uy/ U” can be given by

) 2a ci_a
k¥ q -1 _a/2-1 A1l c/2 = A{Zl ZJ

Js(s)= { J(27z) § Gﬁ’ ol s 2a cira)l
[alc)e R A i

(4.13)
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Note that the number of terms of I—Z—Ca _A[; lgj is depended on the specific value of ¢/2

(e.g., when a =2 and ¢ = 4, we find 1—2:—A(;, 1—;) =0-A(2,0)= 0—{2,;; =0,-0.5).

Thus, substituting (4.13) in (4.8), the pdf of output SIR y of OC diversity in the GG

fading channels can be expressed as

ale-ag ? c/2 NA—a/Zya/Z—l
Ty 17) :{Ilf(a/c)c] (F(L))F(N—LH)

s (o [ AGISAN-LH A S5 ]| (4.14)
XGc2+l,c+l [A) Ac L a 1 2a Acl a
0 A% L) A1)
Note that replacing the parameters a=2, c=2 and k =1 in (4.14) yields
_ A7 |y —(N—L+l)
Sy =Ry <O A‘ -1 :
_ A “GM |V —(N—L+1)
F(L)F(N—LH) A LA ’
_ F(N +1) N-Lv1 Y !
TENLH) = (an)™ (4.15)

which is the Rayleigh fading channel agreed with the result in [73, eq.(13)].

4.3 Performance Analysis
4.3.1 Outage Probability

The outage probability is defined as the probability that the output SIR falls below a
predetermined protection ratio (7).

Substituting (4.14) in (3.3), we have

_ ka/c—aa ? (0/2)NA—a/2
out F(a/c)c F(L)F(N—L+l)
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: s c/21-28, A€ 1-9—(N-L+1)|A[£,1-2
fr G| (%) 0, A[%, L2§]21 \26.“ A[E)Jl [‘52] Dy o

Using the identity in [8, eq.(26)], the outage probability of output SIR in the

Generalized Gamma fading channel can then be shown to be given by

out

ka/c—aa 2 (c/z)N—lA—a/Zta/C
[(a/c)c [(L)T(N-L+)

2
X E+l 2+2 , _?a, C] a‘(N L—i—l)] l‘ 5,1‘2] i
22 | A2 0, A€ L‘Jo 2a_ c1a a] . 4.17)

D) N )

Note that (4.17) can be accurately computed by the software program of Maple or
Mathematica. For the case of Rayleigh fading channel (a=2,c=2 and k=1), (4.17)

reduces to

_ tIA G2’3 i —1, —(N—L-i—l), 0, 0
o = T(LE(N-L+1) 4| K [0, L1, -1, -1 ’

t/A i ~(N-L+1), 0
“T(LN(N-L+) 22| K| L1, -1 ’
_ T(N+1)(t/A)
T(L)T(N-L+1)? (N L ”Lﬂ‘x) (4.18)

which agrees with the result in [73, eq. (16)].

4.3.2 Moment Generating Function (MGF)

Substituting (4.14) in (3.1), MGF /Wy(t) can be obtained as

M _ kale=ag (C/2) (a- l/zAa/zt a/2
y ()= T(a/c)e|  T(L)O(N-L+)
c _2 — A A
e (ch/zl AN SIS wa)
2aenl\ 26 ) o, A[E’ L_Ej 1—26“ A[g,l ‘21]
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4.3.3 Average Symbol Error Rate (ASER)

Using the MGF-based approach, the ASER can be given by

P = j ‘}:@My {J’f—jde, (4.20)

S ! sin’@
where parameters Z, A., ¢. and g_ are given in Table 3.1.
For the case of binary phase-shift keying (BPSK), we have Z =1 ,0,=1, A, =1/r,and
¢, = = /2 1n (4.20); making a change variable = sin* ¢, the integral in (4.20) may be

evaluated as

o [ s  (1s) " dos , 4.21)

Substituting (4.19) in (4.21) and introducing a=c=2, k=1(Rayleigh fading channel), we

have

A G1,3
2JAT(L)D(N-L+) 2

el

—1/2,—(N—L+1),0)

(L-1)—1
(4.22)

which agrees with the result in [73,eq.(21)].

4.4 Numerical Results

In this section, some numerical results for outage probability and ASER of OC receivers
in Generalized Gamma fading channel have been present. In Figure 4.2, outage
probability in (4.17) is plotted when the threshold (7) is set at 7 dB, L=[1, 2, 3, 4] and
N=8. All interferers are assumed to have the equal power (£2=5 dB) and the GG fading

parameters are set as followsa=2.2, ¢ =2 and k=1.1. As expected, increasing the
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number of OC receivers decreases the outage probability. In Figure 4.3, the outage
probability with fading parametersa =2m, ¢ =2 and k = m (Nakagami-m fading as
shown in Table 2.1) when L=1 and N=8 is depicted. It is shown that the Generalized
Gamma fading channel represents a Rayleigh faded environment when fading
parameters a=c=2 and k=1. In Figure 4.4, the performance of ASER for coherent 8-PSK
for OC receivers (L=1, 2, 3, 4) with the presence of eight equal-power interferers (£2=5
dB) in Generalized Gamma fading channel is shown. Similar to the Figure 4.2, the
ASER is also decreased when the number of antenna array increases. Finally in Figure
4.5, the performance for BPSK in Generalized Gamma fading channel is provided. The
fading parameters are also set asa=2m, ¢ =2 and k = m. The result shows the GG

fading channel reduces to a Rayleigh fading when a=c=2 and k=1.
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Figure 4.2 The outage probability of OC receivers with 8 equal mean-power interferers

in Generalized Gamma fading channel
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Figure 4.3 The outage probability of an OC receiver (no diversity) with 8 equal mean-

power interferers in Generalized Gamma fading channel (a =2m, ¢ =2 and k = m)
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Figure 4.4 The ASER of 8-PSK for OC receivers with 8 equal mean-power interferers

in Generalized Gamma fading channel.
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Figure 4.5 The ABER of BPSK of an OC receiver (no diversity) with 8 equal mean-

power interferers in Generalized Gamma fading channel (a =2m, ¢ =2 and k = m)
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CHAPTER 5 DUAL-HOP RELAY SYSTEMS IN RAYLEIGH

FADING CHANNELS

5.1 Introduction

Signal transmission via intermediate relays has the potential of improving the
performance and extending the coverage of many wireless communication systems. In
particular, the dual hop relaying transmission has received considerable attention in the
recent literature as it can provide increased link quality and reliability, and can mitigate
channel impairments in next generation wireless systems [10], [21], [56]. Two relaying
policies that have been widely investigated are the decode-and-forward and the amplify-
and-forward [65]. As mentioned in Chapter 1, DF relays are regenerative, i.e., the
received signal is first decoded and then re-transmitted to the destination node, whereas
in an AF relay system, the signal received at the relay node is simply amplified and
forwarded to the destination node. The resulting end-to-end SNR of AF relays depends
on the choice of the gain adopted at the relay node [40]. The performance of dual-hop
relaying has been investigated in various wireless environments that include Rayleigh
[40], Nakagami-m, Nakagami-n (Rice) and Nakagami-g (Hoyt) [46] channel fading
models.

Until recently, the performance of dual-hop relaying systems has been limited to
systems that are noise-limited [40], [46]. However, since many practical wireless
systems suffer from both interference and noise, attention has turned recently to dual-
hop relay transmission in the presence of co-channel interference, which in many cases
may be more detrimental to system performance than thermal noise [20], [25], [45],
[50], [55], [76], [80], [91], [94]. In [50], the performance of relay selection with AF
relays having a single interferer at each relay was investigated. In [20] and [92], the

outage probability of DF relaying was derived in the presence of multiple interferers at
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the relays and the destination nodes. The outage probability for the DF protocol under
the same interference model was also investigated in [76] for different combining
methods at the destination. Furthermore, the outage performance of dual-hop AF
(employing sub-optimum gain policy [40]) and DF relaying systems with multiple
interferers at both the relay and the destination was obtained in [55]. For the case of AF
relaying with optimum gain policy [4], Ikki and Aissa in [45] derived the outage and
error probabilities assuming a tight upper bound for the end-to-end SINR. A lower
bound and an asymptotic expression for the outage probability of the AF protocol were
also derived in [25], assuming Rician fading for the desired signal and Rayleigh fading
for the multiple interferers at both the relay and the destination. Moreover, special cases
for the performance analysis in the presence of co-channel interference include the work
of [94] on the outage performance of dual-hop systems in an interference-limited
destination environment and [80] on the outage and ABER of AF dual-hop systems with
interference at the relay only. To the best of our knowledge, the outage performance of
dual-hop AF transmission with optimum gain in the presence of interference at both the
relay and destination has been limited to lower bound and approximation expressions
even for the Rayleigh fading channel.

In this chapter, the presence of multiple Rayleigh faded interferers at both the relay and
the destination are investigated. Also the analytical expressions for the outage
probability and ABER of binary modulations for AF dual-hop relay systems are
considered. Specifically, an expression for the exact outage probability of dual-hop
relay transmission system in Rayleigh fading is then derive in terms of the incomplete
Weber integral which can be easily evaluated numerically by several computer
programs such as MATLAB, MATHEMATICA, or MAPLE and the approximate

closed-form expressions for the outage as well as the ABER are provided. The special
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case of an interference-limited system is also considered. The analytical results are

validated by Monte Carlo simulation.

5.2 The Presence of CCIl and Noise

Ny interferers Ny, interferers
/\ /\

r N\

Z 7, Z, s Zy s Z

LR>“ 2R “Np.R 1,D? >“Np.D

®H@~®
No,R NO,D

Figure 5.1 The dual-hop systems with the presence of interference and noise

~

5.2.1 System Model

We consider a wireless communication system in which the source S sends a message
to a destination D via a non-regenerative relay R that simply amplifies and forwards the
received signal to the destination as shown in Figure 5.1. In Figure 5.1, both the relay
and destination nodes are assumed to operate in a Rayleigh-fading environment in the
presence of co-channel interference and additive white Gaussian noise (AWGN). The

received signal at the relay node is given by

yR(t)Z\/FS

hSR

x,(0)+ ﬁﬁ\h&\s&(ng(zL (5.1)

where Ps is the transmitted power of the desired signal x (1), Bg 1s the transmitted

power of the i™ co-channel interference signal Sp o, hSR‘ is the complex fading gain
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for the desired signal on the link between the source and the relay, N is the number of

interfering signals at the relay, and ‘th_‘ is the complex fading gain of the i™ co-channel

interference signal for i = 1,..., Nz . The AWGN term, »,(r), has zero mean and

average power Ofg. The relay multiplies the received signal y,(r) by a gain G and then

re-transmits it to the destination D. The received signal is then given by

Np
Yo =Gllg| 3@ + DBy o]y, +7,00),
i=l1

=G|hm|{ﬁ hoex, (1) + iﬁ | 55, +nR(t)} + iﬁ [y |5, + 1 (2) (5.2)
i=1 i=1

where VZRD‘ denotes the complex fading gain for the desired signal on the link between

the relay and the destination, Np is the number of interfering signals present at the
destination, each with power % and fading amplitude ‘hu,‘ (i=12,..,N,) and 05) is the

one-sided power spectral density of the noise at the destination node. In general, the
choice of the node gain, G , determines the end-to-end SINR. The best choice of the
node gains that maximizes the end-to-end SINR requires the knowledge of the channel-
state information, which includes the signal fading level as well as the noise power S-R
link. In such CSI-based relays, the amplification gains at each relay are chosen, with
the knowledge of the channel state information, to invert the fading state of the
preceding link. The corresponding relay gain is chosen as

P

R . (5.3)

G’ =
2 Vg 2 2
P lhg| +>. P, ‘hR‘ +o?

i=1
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The SINR at the destination node is given by

B

Np
&l 31
i=1

hee| || G

2 )| & 2 2
hR,.‘ +op [+2.P, ‘th_‘ +o)
i=1

yeq:

b

P || |

= |hRD|2 (]_VZ[;PR[ ‘hRi‘Z +G§j+(§:PD,» ‘hD[‘z +O'éj/G2 :

(5.4)

Substitute (5.3) in (5.4) to get

AR A

Ng Np Ng )
P |hRD|2 (ZPR,. ‘hR,- ‘2 +O—12ej+(zpp,. ‘hp,r +O—zz)](Ps |hs1e|2 +ZB¢,. ‘hR,- ‘2 +O—12ej
=1 im1 =1

yeq:

(5.5)
Divide numerator and denominator of (5.5) by O,%Gé gives
A AEAM
or O
T | [ 2 e[| whlif Bl &R [ )
R RD i i 1 el Bl O 1 R i i 1
o | MNE e e et
VsrY gD
_ , (5.6)

7RD(7a+1)+(7b+1)(7SR+7a+1)
where

P |hg[ Pl Pl & By o
Yor = so-gk s Vap = RO-IZJRD 7. :é O_; s and Vs :;TD.

Next divide (5.6) by (]/a + 1)(7/b + 1) to give

Vsr Vro
(7. +1) (7, +1)
V& +(7SR+7/a+1)’
(7, +1) (7.+1)

7eq=




37

— }/172 , (57)
7ty +l
where now y, = Tk and y, = T are the instantaneous signal-to- interference
(7. +1) (7,+1)

-plus-noise ratio (SINR) at the relay and destination nodes, respectively. For a Rayleigh

fading channel

1 /A

S ) =/1—e‘7 “u(y), (5.8a)
SR
1

Lo (y)=l—e‘”%u(y). (5.8b)

In (5.8a) and (5.8b), 4_ =E(VlSR‘2)PS /o7, and A =E(VlRD‘2)PD/O'§ are the average

SNRs at the relay and the destination, respectively. To simplify the analysis, we further

assume that the interferers at the relay and the destination have equal powers, i.e.,

=K =.=F and P, =F, =..=F, , respectively. Then the cdf of the

NR

instantaneous SINR at the relay is given by

Vsr
F =P <y)=P| L2 _ <y |,
yl(V) (71 7) (7[,"‘1 7]

= TFySR (7 (7. +1)) £, (x)dx. (5.9)
In (5.9), we have

E_(y)=1-e""™, (5.10a)

Np-1
__r- _r . 5.10b
S (1) ar (NR_I)!eXp( QRJ ( )
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2
E(\h&\ )PRi

2
Or

The term Q, = Vi 1s the average interference-to-noise ratio (INR) at the

relay for each interferer. Substituting (5.10a) and (5.10b) in (5.9) and simplifying gives

[1], [45, eq. (17)],

efy/]awe © N 7/ 1
F (y)=1l-——00—["x™ - +— | |dx,
vy Tl A B on
A, )"
=1—( R j exp(_y} (5.11)
7+ Ay Q,
A
where A, ==X is the average SIR at the relay for each interferer. The corresponding

R
pdf of the instantaneous SINR at the relay may be obtained by differentiating (5.11) to

give

Ng Nk _
f ()= LRNH_,_L e exp| -2 |. (5.12)
7 (r+A)™ Qp\7+A; Qp
In a manner similar to (5.9)-(5.12), the cdf and pdf of the SINR at the destination node

may be shown to be given by

ND
A e
Fz(ﬂ’):l—[ L J exp[ ], (5.13)
’ 7+ A Q,
N, AV 1 (A, )" —y
f (7/): L DN 1+ L EXp| — |» (514)
& (7/+AD) ot QD 7/+AD QD
2 2 . ﬂ’RD
where Q= E(‘hDi‘ )PDi /o} Vi and A, :Q_ are the average INR and average SIR
D

at the destination node for each interferer, respectively.

5.2.1.1 CDF of End-to-End SINR System

e

» TN

The cdf of instantaneous end-to-end SINR 7, = is given by
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F (y)zpr(Lsy):Pr(%gw], (5.15)
! 72+71+1 Yoy

Conditioning on the random variables }, , the an ( 7) becomes

f + i +
F, (7)=jPr(% > 77 yjfh(h)dyﬁjf’r[% <77 yjfyz(ma%’
0 V2TV Y V2V

= [£.(r)dy, +[F, [7;—_*;] £, (r)dy, (5.16)

Using (5.11), the integral in (5.16) becomes

¥ w w N .
E, (1) =] 5.0y +[ £, )y, - [ —2 exp[—y(y;ltl)J £y,
0 4 7(W+A] (72_)SR
V2V
o AN
:1_I 2 - exp(_ 7(721+;) ]fyz(%)d%- (5.17)
7(W+A] (72_)SR
VoV ®

Substituting (5.13) and (5.14) in (5.17) and making the change of variable X=}, =)

gives
Ne oy
£, (7):1_[ Ay j Ay eXP(‘?’[MD TG(X) exp(—M—Lde,
y 74he) A Ay )3T A
(5.18)
where
6(s)- et (x+7NJ:AD+2,RDND) . (5.19)
(x+7;/(i_/;;je)j ()C+}/+AD)N”+1
A partial-fraction expansion of G(x) is given by
Gx)=Y3 —Zu (5.20)

ik
2
i=l k=1 (x+ P )k
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+1 _
where 0,=N,, O, =ND+1, P = 7(_};1\ ), /)2=7+A , and the coefficients = is
VT

given by

l o~k

o (o,—k)ldx™™*

[1]

(x+p,)" (5.21)

It is shown in Appendix A that the coefficients in (5.21) may be expressed in closed

form as

= = 1 F(NR+3)(_p2)k+2 &Ny —k (_l)j(ND+l)j Py '
(e !{F(k+3)(pl—pz)N"”fZ=<;( jJ (k+3), (pl—pzj

1k (N k)

1“(k+2)(,ol—p2)ND+1 70 J

+(p2+AD”RDND)F(NR”)(—/JZ)"”Nkz"{NR—kj(—l)"(Nﬁl)j( ’, j}
P - P,

[1]

_ 1 F(NR +3)(_p2 )NR—ND+k+l
* (N, +1-k)! T(Ny =Ny +k+2)(p—p,)"

=0

xN[ik(ND +l—kj( (-1) (M), (plpzpz J’ P+ A+ 2Ny )T (N, +2)

j Np=N,+k+2), [(Ny—N,+k+1)

(p—-p,)" = j NR—ND+k+1)/,

X(—pz)NrN:k Nti"(NDH—kJ( (1) (W), ( pzpzjj}, (5.22b)

where [Zj is the Binomial coefficient. Using [38, 3.381.4], (5.20) can be rewritten as

[1]

=§2‘,ZF’;{ Tr"‘ e dr. (5.23)

i=1 k=1 0
Substituting (5.23) in (5.18) and using [38, eq. (3.3471.9)], yields

A

N,

AN A +ep | | B,
F (y)=1-2| 2 D
) [MJ zmexp( (“ jj;;r

1
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SR

Jr e Ko[z\/y(”l)(”l/ﬂ”)}m, (5.24)

where KO(.) is the modified Bessel function of the second kind and zero order [38].

After introducing ;=2 \/7 (7+D)(E+1 %) the integral term in (5.24) become

SR

1 4, )23 2a 1)
I —_ SR eﬂ-,w SR _ e—Bz K z dZ,
2(}/(7/+1)j ;':(47/(}/+1) /1110] 0( )

1 A V2= 1Y Ae ) e s

_1 SR | e ( j(__J — SR I ek K, (z) dz, (5.25)
2\ y(y+1) S\ n Ao 4y(y+1) ) 4

where 4 =2 /M and B :Lﬁl' Finally, simplifying (5.25) and substituting in

(5.24), the outage probability becomes

N,
A A4 Aen + L4 E,
F _1- R D SR fexp| —y| 2SR ZRD. E E ik _ oo
T (7/) {7+AR] /7“RD [7(7+1)j p( 7( ZSRARD ]J =1 k=l F(k)

-1 k—l k—n—1 n
5 1 A F(n+1/2)rl/(2n+1/2)w(n+l:I:LJ—KZ (3,4)
n=0\ " ﬂ‘RD 47/(]/4'1) 4B™ 2 4B €0

(5.26)
where
w(u;v;x)=——\|e " '(1+1)""dt, Reu>0 (5.27)
(935) = {
is the confluent hypergeometric function of the second kind [38] and
K. (p,x)=[t"e” K ()dt (5.28)
)

is the incomplete Weber integral [9], [22], [60]. Note that some special cases of

K, (p,x) are shown in Appendix B.

|
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In addition, using the identities in [38, eq.(8.436) and eq. (9.211.2)], and interchanging

the order of integration, K , (p,x) can be numerically evaluated by

v+u+l

_x
2 (v+u+1)

Kegy‘r (p,x) =

ZW}/;(‘H) F v+u+1’1+v+u+1;_x2 p+L , (529)
2 2 4y,

where [ (a;b;x) is the confluent hypergeometric function [38], the weights W, and the
roots ); are given in [7, (25.4.33)] and the value of K is chosen to obtain a desired
accuracy.

5.2.1.2 Approximate CDF of End-to-End SINR System

In order to obtain a simple approximation for the cdf of the end-to-end SINR, the

expression of the integral in (5.18) can be written as

-N
I={(x""+x"(y+A,+A,,N (x+—7(7/+ J
'([( ( D RD D)) v+ A,
(Nt 1
x(x+y+Ap) (o) exp(—%—%)dx. (5.30)
SR RD

The two terms in the denominator of (5.30) may be written as [38, eq. (3.381.4)]

~Ng - © EEACa
(x+—7(7/+1)j S - .[ZN"_le (l WMR)] dz (5.31)
v+ A, F(NR) 0
(x+;/+AD)*(ND+1 . N +1 I - —t x+y+AD t (532)

0
Using (5.31) and (5.32) in (5.30), we have /=1, +1, where

1
[(Ng)T(N,+1)

sz”“‘le’zrtNDe"(”A“)rxexp _rlr+l) ELEUE S
! 0 0 X A 7+AR A

SR RD

L=

Ddxdtdz. (5.33)

Next performing the inner integration in (5.33) via [38, eq. (3.471.9)] gives
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2 T Ne-t —2 [ N Sireap)| 1 z 7/(7"’1)
I — R v —_
: F(NR)F(ND+1)j;Z ¢ IO ‘ [/%R 7+ARJ(z+,11;‘)

D

><K2£2{;/(y+1)(%+ z J(t+lml))} ]dtdz. (5.34)

st ¥+ A

However, the modified Bessel function may be approximated as [7, eq. (9.6.9)]

rv)(x\"
K x—= = . 5.35
w=t9(2] (535)
Thus, (5.34) becomes
1 K © N -2
I = Nelg=z [ Vo o7 480) (1 4 2517 e ,
! F(NR)F(ND+1)-(|:Z J E
A
=—Nl_1w ND+1;ND;—(7+ o) | (5.36)
//i’RDD ﬂ’RD

Note that the approximation in (5.35) is valid when the argument of the modified Bessel

function tends to zero; this is equivalent to assuming that the S - R link has a strong
signal strength (i.e., for large ﬂSR ). The term of 7, is given by

_(r+Ap+ 4y Ny)
2 T(Ng)D(N, +1)

XJ‘ZNRflefzJ‘”tNDeft(ﬂAD)J‘wexp _M L.F; —x|t+ !
) 0 0 X A }/+AR A

SR RD

dedtdz. (5.37)

Following a similar analysis to the one leading to (5.36), it is straightforward to show

that

;o (7 +Ap+AepN)y)

2 Np+l1
2“RD

W (Ny + LN, + 57, + Ap) A ). (5.38)

Then, substituting (5.36) and (5.38) in (5.18), the cdf of end-to-end SINR may be

approximated as
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N N,
A D
Fapprox (7/) — 1_ AR ND — CXp _7/ 1 + 1
& 7+ A b A Ao

X{ZRDV/[ND+1;ND;y;ADJ+(7+ADMRDND)W[NDH;NDHJ;AD j}

RD RD

(5.39)

5.3 Interference-limited (CCI only)

5.3.1 System Model

In an interference-limited Rayleigh fading environment, the dual-hop system is
dominated by co-channel interference. In this case the effect of thermal noise may be
neglected. Therefore, Gi ZGZD =0 in (5.5), the end-to-end instantaneous SIR is then
given by

P, hSR|2 P, |hRD|2
2~ ~ 2\’
PR|hRD| 7a+7b(Ps|hSR| +7a)

(5.40)

)7eq:

~ NR 2 ~ ND 2 . . . ~ = == .
where y, = ZPR[ he| s 7y = ZPD,- ‘th_‘ . Next dividing (5.40) by 7,7, / 7.7, gives
i=1 i=1

- __ N

eq ~ ~ ~ ’ (541)
n+7,+l
P, |hg| Pl
where 7 =1L 5 - T R1  gare the instantaneous SIRs at the relay and the
j/a 7/}7

destination, respectively. The pdfs for 771 and 772 are given, respectively, as [73, eq.

(13)]
N AR
S5 ()= GrA ) (5.42a)
S ()= Nohy' (5.42b)

(7/2 +AD)ND+1 °



45

The corresponding cdfs for 771 and 772 are given by (see Appendix C)

—Ng
Ffl(71):1_[1+/7\/_1] > (5433)

R

PRSI PR 5.43b
F, (y,)=1 (1+AJ . ( )

D

5.3.1.1 CDF of End-to-End SIR System

Similar to (5.15) and (5.16), the cdf of the end-to-end SIR can be given by

2

F}eq(y):jjfyz(yz)d7z+JF}l (%Jf;z(ﬂ)dyz- (544)

Substituting (5.42b) and (5.43a) in (5.44) and making the change of variables X=}, =}

gives

AN AV o y(y+1) ) " (Wp+2)
FE, =]-—R DD | Ne| ey x+7+A P dx. 5.45
Feq (7) (7/+AR)NR jo [ (}/+AR) ( 7 D) ( )

Using the identity in [38, eq. (3.197.1)], the closed-form expression for the cdf of the
end-to-end SIR is given by

~ AR AT (N, +1)T (N, +1)
(7+A) " (r+A,)"" " T(Ny+ N, +1)

Fieq(V):l

7/(7/+1)
FIN,+ILN,+I;N,+ N, +1;— 5.46
X, 1( < +tLN, + LN, + N, +1; (7+AR)(7/+AD)} ( )

where , [ (a,b; c;Z) is the Gauss hypergeometric function [38].

5.4 Performance Analysis

5.4.1 Outage Probability
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In a wireless communication system with co-channel interference and thermal noise, the

outage probability is the probability that the instantanecous SINR exceeds a preset

threshold 7, and is given by P, =Pr (7/ < 7/th) . For the dual hop relay system, the exact

out

and the approximate outage probabilities may be obtained from (5.26) and (5.39) as

:an ( 7/”,) and P = Fygw (7,), respectively. Similarly, for an

out(exact ) out(approx)

interference-limited system, the probability that the instantaneous SIR falls below a
preset threshold 7 can be obtained from (5.46) by £, sr) = I, (74) -

5.4.2 ABER of Binary Modulations

The ABER is another useful performance measure that is usually used to characterize a
wireless digital communication system. In the presence of AWGN, the conditional BER
for binary phase shift keying (BPSK) and binary frequency shift keying (BFSK), with
coherent (i.e., CPSK/CFSK) and non-coherent (i.e., NPSK/NFSK) detections, is given

by

P.(7) =%, (5.47)

where a =1 for BPSK, a=1/2 for BFSK, g =1 for NPSK/DPSK, g =1/2 for

CFSK/CPSK [63] and F( D, X) =Jml‘p “e'dt is the incomplete gamma function [38]. The

ABER for binary modulations may then be obtained as

P = zr( 5] [T.ans, iy,

Fle T F, (n)d 5.48
mﬁ)jy F,(r)dy. (5.48)

5.4.2.1 Approximate ABER Using Eqg. (5.39)

The ABER may be obtained by substituting (5.39) in (5.48) to give
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_ 1 Ne AND
P, = 7 2r(ﬂ)/{gvpﬂ (2oL, + T, + (A + 2y N, ) T2 ), (5.49)
where
w oy +A
Tl:.[o 7—N;ee_ay‘//[ND+17ND;]/ DJd% (5.50)
(]/+AR) Arp
T, :I — "y | Ny +1,N, +1; D \dy, (5.51)
0 (}/+AR) ! Arp
-y y+A,
T, =j — ey | N, +1,N, +1; dy. (5.52)
‘ (7+AR) ! Arp
The constant a in (5.50)-(5.52) is defined as a = (LJFLJF a]. Since the integrals in
SR RD
(5.50)-(5.52) are in the form
v—1
:f — “y (c.c+isgx+ f)dy, (5.53)
* (x+b)

where a, b, ¢, f, g, m, v >0 and i e (-1,0) are the arbitrary constants, using a Taylor

series expansion of the confluent hypergeometric function, yields [13]

o0

= gx c+k c+i+k; f)

k=0 '

v (e

zt//(c;c+i;f)—ch(//(c+1;c+i+l;f), (5.54)
where for sufficiently small values of g . Only the first two terms in the series may be
considered. Using (5.54), the integral in (5.53) becomes

A=T ()b " {y (c+Lic+is f)y (viv+l-m;ab)
—(cgbv)y (c+lic+i+1s f)y (v+liv+2—miab)}- (5.55)
Using (5.55), the ABER in (5.49) becomes

_ ANe AN
P = L o (J +J,+ ), (5.56)
20" 20(B)np”
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where
- A
Jy = D (BIAG {W(NDH;ND;ZD jw(ﬁ;ﬂH—NR;aAR)
RD
_MW ND+2;ND+1;AD l//(ﬂ+1;ﬂ+2_NR;aAR) , (5.57)
Z’RD ﬂ’RD

J, =T (B + 1AL {V/(ND +1;N, +1;;\D jy/(ﬂ+l;ﬂ+2—NR;aAR)

RD

A RD RD

. A
Jy=(Ap + ANy )T(B)AR ™ {l//(ND +1I;N, +1;/1—Djl//(ﬁ;,6’+1—NR;aAR)

RD

_ (ND+1)ARV/[ND+2;ND+2;2\_Dj1//(ﬂ+1;ﬂ+2—NR;aAR):|. (5.59)

ﬂ’RD RD

5.4.2.2 Exact ABER for the Interference-limited Case
The exact ABER for the end-to-end SIR may be obtained by substituting (5.46) in

(5.48) as

o1 AR*AT (N, +1)T (N, +1)Iw y(r+1)e?
E o oa? 21"(,6')1"(NR +N, +1) 0 (7+AR )NR+1 (}/+AD)ND+1

7/(7/+1)
W F| N, +1,N, + N, +N, +1;1- dy. (5.60)
2 1( R D R D (7+AR)(}/+AD)J V4

Unfortuately, a closed-form solution for the integral in (5.60) cannot be obtained,

however, the result can be accurately computed by using the numerical integration in

[7, (25.4.33)].

5.5 Numerical Results

In this section, some numerical and simulation results to illustrate the performance

analysis for a dual-hop AF relay system in a Rayleigh fading channel in the presence of
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identically distributed co-channel interferers at the relay and destination nodes are

illustrated. Figure 5.2 shows a comparison of the approximate outage probability in
(5.39) with the exact one given in (5.26), when the threshold }j, is set at 3 dB.
Assuming that there are the same number of co-channel interferers at R and D
(e, Ny =N, =0,1,2,4) with equal powers (all INRs are set equal to 5dB). It is

observed that as the number of interfering signals increases the outage probability
increases, with the most dramatic performance deterioration occurring with the

introduction of the first interferer. For example, when there is no interference in the

system (]\63 =N, =0) and equal desired signal powers along the S - R and R - D links

(i.e., ﬂmzﬂ@), in order the maintain the same outage performance of 10%, the

transmission powers must be increased by approximately 6 dB to counter the effect of a
single interferer and by 12dB for four interferers. In addition, it can be found that the
numerical results based on the exact cdf of the end-to-end SINR match perfectly with
computer simulation results, while the results of the approximate outage probability
agrees with the simulation result when the link signals are strong (for Ag, Ay, = 25 dB).

Figure 5.3 shows the outage probability for a dual-hop relay system in the presence

of high-power interferers at both the relay and destination terminals. Specifically, the

parameters Ay and A}, are set at 30 dB and one can observe that at low and moderate

SNRs (Ag,Ag), increasing the SNR improves the outage performance because

AWGN is the dominate noise in this region. On the other hand, at high SNRs, an

outage floor results due to the fact that the effect of co-channel interferers is

independent of the SNR [45].
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In Figure 5.4, the ABER in (5.56) for the case of DPSK is plotted. Similar to Figure
5.2, the ABER performance deteriorates as the number of interferers increases; also the

approximation agrees with the exact ABER result (obtained from computer simulation)
when the link signals are strong, i.e., ﬂSR,ﬂSD 2 20 dB. Moreover, in Figure 5.5, the
ABER of dual-hop relay system with the presence of strong SIR at both the relay and

destination terminals (i.e., Az =/, =30 dB) are provided. Similar to Figure 5.3, it can

be shown that at low and moderate values of /15R and /15 , increasing the SNR

improves the ABER performance because the dominate noise in this region is AWGN.
On the other hand, at high SNRs, an ABER floor results as shown in [45].

Finally, an interference-limited dual hop relay system is considered. Figure 5.5 plots
the outage probability of such a system, using the closed-form expression in (5.46),
whereas Figure 5.6 plots the ABER of DPSK using the expression in (5.59). As
expected, numerical results match perfectly with the results of the simulation. Both
figures depict the performance deterioration that occurs as the number of interferers

increases.
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Figure 5.2 Outage probability of dual-hop relay system in the presence of equal-power

interferers at the relay and destination nodes.
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Figure 5.3 Outage probability of dual-hop relay system with high SIR at the relay and

destination nodes.
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Figure 5.4 ABER of dual-hop relay system in the presence of equal-power interferers

at the relay and destination nodes.
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Figure 5.5 ABER of dual-hop relay system with high SIR at the relay and destination

nodes.
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Figure 5.6 Outage probability of interference-limited dual-hop relay system.
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CHAPTER 6 MULTI-HOP RELAY SYSTEMS IN RAYLEIGH

FADING CHANNELS

6.1 Introduction

Multihop relaying in which the transmitted signal propagates through cascaded
nodes, with each node amplifying and forwarding the received signal from the previous
node to the next, has been shown to improve the performance and extend the coverage
of many communication systems [44], [65]. The performances of multihop AF and DF
relaying systems in a thermal noise-limited environment have been studied extensively
[40-41], [47]. In these systems, it is well known that the choice of the relay gain that
maximizes the end-to-end SNR is to invert the combined instantaneous received power
(i.e., sum of desired signal and noise power) at each relay node. The exact closed-form
analytical expression for the end-to-end SNR for an arbitrary N-hops transmission
system is derived in [41]. However, the exact performances of such system appear to be
intractable for N >3 and are usually bounded or asymptotically approximated. For
example, upper bounds may be obtained for the end-to-end SNR by bounding the
harmonic mean by geometric mean [47] or by bounding the end-to-end SNR by the
minimum SNR of all the hops [41], [47]. It is well known that in a multihop relay
network with multiple relays in series, the end-to-end SNR in an AF system in which
the relay gains ignores noise is, indeed, proportional to the harmonic mean of all the
per-hop SNRs. In DF relaying, on the other hand, the end-to-end SNR is dominated by
the SNR of the weakest link [41].

A lot of the existing works on multihop relay transmission consider thermal noise-
limited conditions in systems with no interference. However, in addition to thermal
noise, many practical relay networks also encounter co-channel interference, which

causes severe performance degradation. Co-channel interference is inherent in many
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wireless networks due to frequency re-use that optimizes spectrum utilization in such
system. Recently, considerable attention has been given to dual-hop AF relay
transmission in the presence of thermal noise and co-channel interference [45], [47],
[54], [76]. In most of these studies for the effect of Rayleigh interferers, the exact
distribution of the end-to-end SNR has not been obtained and the analytical results are
based on bounds or asymptotic approximations. However, the outage probability
performance of dual-hop DF transmissions in a Rayleigh fading environment with
interference has also been studied in [48], [55], [85].

In this chapter, the outage probability, the average symbol error rate and the average
channel capacity performances of multi-hop relay systems with AF and DF relays are
considered. Specifically, it can be shown that the well-known result of [41, eq. (2)] also
holds in the presence of interference and Gaussian noise, where now, the SNR is
replaced by SIR in an interference-limited system and SINR in the presence of
interference and noise. This observation was also made by a number of investigators for
the special case of dual-hop relaying [45], [54], [76]. Then following [41], [54], [55],
two upper bounds for the end-to-end SINR; namely, the minimum SINR are
investigeted along the hop links (which corresponds to DF relaying) and the harmonic

mean of the per-hop SINR (which corresponds to AF relaying).

6.2 System Model

A wireless network, comprising a source S, several relays (R,, n=12,..,N—1) in series
and a destination (D=Ry) is considered. It is assumed that the desired signal at the n™
relay is interrupted by L, n=L2.,N co-channel interferers and the additive white

Gaussian noisewith power G,zq, n=12..,N, as shown in Figure 6.1.
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L lmf{fe”ers Ly mtf{ferers Ly interferers
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Z,,.2, 2, Zi ZygnZyy 22,

O~ . ()
B S B

No,1 No, Non

Figure 6.1 The multi-hop systems with the presence of interference and noise

In the figure, o, is the fading amplitude of the desired signal on the communication link

between relay nodes n-1 and n. In the case of AF protocol, the received signal at the

relay node » is amplified by the gain G, and forwarded to the next relay node. The total
power of the desired signal at the final node in the series chain is given by

B, =(0cfoc§...ocfv)(G12G22...Gf,71). (6.1)

The instantaneous power of the i-th interferer at node n is denoted by Z,-’,,, i=12..,L.

Therefore, the total interference power at the destination hop D is given by
& 2 2 2 2.2 2 < 2 2 2 2.2 2
1, ZZZU (G1 Gz...GNfl)(%(xT..ocN) +ZZ,»,2(G2G3 ...GNfl)((x3oc4...(xN)
i=1 i=1

Ly Ly
+ Zl.ﬁ(G}ZGf...va_l)(aiaﬁ...afv) +...+ZZLN ) (6.2)
=1 i=1

The total noise power at the destination is

N,=c; (GIZGZZ...G;_1 )(ocioci...afv) +o; (GZZGSZ...GAZ,_1 )(ocioci...afv)

+03 (GG, .Gy, )(@oi.ay ) +...+ o} (6.3)
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Consequently, the end-to-end instantaneous SINR 1is given by

y‘“’:ID?ND’
[T 1. ¢
I A L RN Y
_ 1 =1
Y (a0 40X 2 )T, TG
(6.4)

where the parameters a,b 2[0, 1] are constants introduced to account for the presence of
co-channel interference and thermal noise at the relays. For example,(d =1, b=0)

corresponds to the case of no interferers (noise-limited system) while (6120, b:l)

implies that no noise is present (interference-limited system). Next, dividing both

nominator and denominator in (6.4) by Hivzl(aci +bziL:1 Z, )Hj: G,f , yeilds

2

Hnl( ac’ +bz ” ,n)

sn+1( +bz g U)
H H (acsSerZi‘:‘lZ,.,S)

2o

(6.5)
The AF gain employed at the n-th relay is chosen as

1
o) +ac, +bz "z,

G =

n

(6.6)

Substituting (6.6) in (6.5) and simplifying, the equivalent end-to-end SINR is then given

by



60

2

I1. =
n=l1 (

2 Ly
ac, + bzl_:l Z,, )

’Yc’q = ,

N N (12 n-1 (12
. s +1
anll_‘[x:nﬂ (aGf n bZ’LZ\I Zl-’s )HS—I (aG? + bZlL;ZIS)
N 1 n—1 1 -
— e 1 + — s
|:nz; Vn s=1 [ Vs J:|
(6.7)

which is the equivalent end-to-end SINR given in [41, eq.(3)], where now

2
o
y, = n (6.8)
ac’ +bZiL/ z

-1 i,n
is the generalized SINR per hop. The following special cases for the choice of the
parameters a and b will be considered in the rest of this paper:
1) Noise-Limited Systems (a=1, 5=0)

2

a
Y, =— is the SNR per hop [41, eq.(2)].
Gl’l

i1) Interference-limited case (a=0, b=1)

2

y, =——n__is the SIR per hop [54], [55].

Lﬂ

j=1"in

iii) In general (a=b=1)

2
Y, =°‘—’1 is the SINR per hop [45], [76].
o’ +Z "Z

n i=1 in

YiY2

m which is the end-to-end SINR of
1 2

Note that replacing N=2 in (6.7), thenY,, =

the dual-hop relay system as shown in (5.7).

6.3 Statistics of End-to-End SINR



61

To the best of our knowledge, the exact cdf of the end-to-end SINR in (6.7) is still
unavailable due to its complicated mathematical form. Also the analytical results are
usually based on obtaining bounds on the system performance. In what follows two
upper bounds on the end-to-end SINR that are frequently considered in the literature for
evaluating the system performance, and correspond to the end-to-end SINR for DF and

AF relaying are focused. The cdf of the SINR per hop given by

F, (v)=Pr| o} <y(ac} +bZ, )],

- j: F, Hmbi; H 1, (2,)dz,, (6.9)

n

where X, =O(,21/ 02,,, Z, = ZL Z. and a, b are the arbitrary constants. The additive white

i=1 i

Gaussian noise at the n-th relay node has the average powerGfl. For Raleigh channel,

the cdf of x, is given by

F, (x)zl—exp(—Qij, (6.10)

s,n

where an is the average SNR of the desired signal at the n-th hop. Substituting (6.10)

in (6.9) gives

F, (v)=] |:l—exp[_Qy (Mb%jﬂfzﬂ (2,)dz,.

ol g al)

Lﬂ
“1- exp[—S—YJH M, (S—YJ . 6.11)
s, =1

n i s,n

-1
In the presence of Rayleigh-faded interferers, as, [ by ]Z(HQh_nby] and (6.11)
w0 Q

becomes
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ay vyl A
Fy,,(7)=1—exp(—Q J{HEbHA ]} (6.12)

Q. . . .
where A, , =94 is the average signal-to-interference ratio per hop.

6.3.1 DF Relaying

Since in DF relying systems, the end-to-end performance is usually dominated by that

of the weakest link, it follows that the end-to-end SINR for DF is given by [41], [76]
Vg <V =0N(Y,500, Y )-
(6.13)

It is well known that, in this case, cdf of y,, is given by

By )= e 057

=1-Pty, >Y, ¥y >
1 T1(0- 5, (). (6.14)

Substituting (6.12) in (6.14), the cdf of y,, is given by

N ay Ly Ai n
F, (y)=1- - ’ ’
Yor (y) Hexp[ Qs,nj{li_][[by—i_[\is" ]}

N | L A
—1- _ , 6.15
ool 1555 €19
51
where @= ZQ— . Note that replacing a=0 (no noise), (6.15) becomes
n=1 's,n
L, A.
F =1- ) 6.16
Yor ('Y) {];I[ (b'y + A,-w,, j} ( )

When b = 0 (no interferers), then (6.15) becomes

E_(y)=1-exp(-aym). (6.17)
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In general, there are £, distinct values of /X-,n, i=L..,L,n=L...N which are denoted

by {%,} with multiplicity {m, }" such that (6.15) can be expressed as

N ay L, }\' m,
F_(y)=1-exp| - :
)=t ;QSJQ(M] |

where the coefficient of the partial fraction expansion is given by

1 : AT -,
B = a"/dy" +(A, /D)) 6.19
J» (mr —j)![ v :IH(Y ( )) y=h, /b ( )
r;ﬁ/
For the case of MGF of vy, , it can be shown that
M, (f)=1- zj (v)dv, (6.20)

whererDF (Y) is the complementary cdf of SINR defined by Fvl)p (Y)=1—F;DF (Y)

Substituting (6.18) in (6.20), thus the MGF for end-to-end SINR is given by

m. I,

M, (t)=1- tH( j Zia J exp(—( am+t))(y+%j_jdy,

L, M. L, m, 1-j
:1-:]‘[(&} 225}./[&) w(m jie (aw+t)} (6.21)
i=l b r=l j=1 b b

where \|!() is the confluent hypergeometric function defined in [38, eq.(9.211-4)].

Note that replacing a= 0 ( no noise), (6.21)becomes

M. L; m, }\‘ 1=/ }\’
M, (t)=1- zH( ] ZZIE/(?j \u(l,2— j;?"tj, (6.22)
r=l j=

which is the MGF for end-to-end SIR for interference-limited case. In addition, for 5=0

(no interferers), substituting (6.17) in (6.20) and using [38, eq.(3.381.4)], the MGF for

end-to-end SNR can be given by
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M, ()=1-——=922_, (6.23)

t+Yam t(+aw

6.3.2 AF Relaying

As stated earlier, in a multihop AF relay system, the end-to-end SINR is upper-bounded
by the harmonic mean of the entire hop SINRs in the series chain. In fact, when the

choice of the relay gain used in the AF protocol ignores the effect of noise and

interference, i.e., an:l/ 0‘,21, the end-to-end SINR is proportional to the harmonic mean

of the per-hop SINRs.

Therefore, [41], [76]

o SVar = |:2Yn:| . (6.24)

The MGF of inverse end-to-end SINR per hop (Y:) is provided by [14, eq.(7)]
=1-2Vt["J, (2x\/_ M, (+* (6.25)

whereJI(.)is the Bessel function of the first kind and first order [7], and M, (x2 ) is the

MGF of SINR per hop given by

M, (¥)=1-X[ e™'F, (v)dy. (6.26)
When the interference powers at the n™ node are all equal, i.e.,/\Ln =---=A1w,, =A,
(6.12) becomes
eeof (ALY 6.27
F, (v)=1 exp[ QS,,,](bY‘FAnJ . ( )

Substituting (6.27) and (6.26) in (6.25), gives

M (I)ZI_Z\/;_[O (2x\/_)dx+2\/_j exp[ J( 1 JL“ J:xze_xzle(Zx\/;)dxdy,

by/ A, +1
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_ © ay 1 " ey
_2\/;I0 exp(— Qx,,,J(bY/An +1) IO x’e J1(2x\/;)dxdy.
(6.28)

Next using the identity in [20, eq.(9.1.69)], then

J, (2)c\/?)=)c\501~“1 (=s2:-x), (6.29)
where pF;(.) is the generalized hypergeometric function [38, eq. (9.14.1)].

Substituting (6.29) in (6.28) and introducing y=x2 , yields [38, eq.(7.522.5)]

L
© a 1 " _
M. (t)zt'[0 exp[—Qy ](by/A +1J IO ye ! (F (=2;—yt)dydy,

LM
o ay 1 t
=t Zexp| — F|2;2,—— |dy,
J.O y p( Qx,nJ[by/An +1j 1 l( Y] y

L
] | ,1
—t(A /)" [Tyl . —t/v)dv. 6.30
(A, /B)" [y eXP( o\t aim exp(~t/y)dy (6.30)

Using the identity in [38, eq.(3.381.4)], then

-L _ 1 ® L,-1_-x(A,/by+1)
(An/b’Y‘f‘l) —m‘[o X e dx. (6.31)

Substituting (6.31) in (6.30) and using [38, eq.(3.478.4)], it can be shown that

_ L (® 1,1 —x[* .-1,-2 Ya 1 XA"
Ll R S B S O

s,n y

—(L,+1)/2
_ t L, [® L-1 -x XAn a a xAn
ety e o ] e

A (L,+1)/2 A
__! L N arar | B P L N
_F(Ln)(An/b) [xtte 2((QSJ/{H ; }] KL”H(Z o {t-i— ; }}Lw 632)

where ¢, ()is the modified Bessel function of the second kind and £, +1 order [7].

+1

Using [38, eq.(8.486.17)], the term K, () can be written by
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_ 6.33
Kia(G)=50 +1){ Lo (DK, (). (6.33)

Moreover, the modified Bessel function may be approximated as [7, €q.(9.6.9)]

K,(2) ;@G] . (6.34)

Then substituting (6.34) and (6.33) in (6.32), gives

M ();—)( A, 1b)" {F(LnJrl)j:x

=T(L, +1)y [L ;0; i—b]—%(%]w[g;l;;—b]. (6.35)

n n

Note that when a=0 (no noise), the second term vanishes and (6.35) becomes

tb
M (1)=T(L, +1)\|/[L,1,0 n j (6.36)

which is the MGF of inverse SIR per hop for the interference-limited case. Under the

assumption that the hops are subject to independent fading, the MGF of y.is given by
M, (0)=T] M, (). (6.37)

Substituting (6.35) in (6.37) gives

5 bt ) T(L)t a bt
M (1)=]] { L, +1) [L,,,o A j (LHH)[QSJW(LW,LA—J} (6.38)

n=1 n n

In addition, the following representation may be used for the product in (6.38), i.e.,
N

T (4+8)= ST 45 (6:39)

n keRy n=l

where P, = {K = (K, 1,50 Ky ) 1K E {O,I}N} with
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4,=T(L, +1)\p(Ln;0;%], (6.40a)
PRI G (R W ) (6.40b)
! (Ln +l) Qs,n " ’An .

Therefore the cdf of y,. can be expressed as [41, eq.(7)]

(6.41)

b

x=1/y

F, (y)=1-L

Yar

M]

where £'(.) is the inverse Laplace transform operation. Substituting (6.39) in (6.41), the

cdf can be shown to be given by

N K, I-x,
T AT(L, + 1)y 1,02 L O I W3 :
n=1 An (Ln+1) an An
’ x=1/y

-3 {11 o [

N—I—IZV: x, N o I
| {W[LH;O;EH {\V[L,,,l,ﬂﬂ ] : (6.42)
n=1 An An
x=1/y

The inverse transform in (6.42) can be evaluated using the following Laplace inversion

F, (v)=1-2 L'

kePy

x [

formula to obtain

XFB(N)(CZI:'..gaN:I‘f‘a]_b 1+aN bN’Za +1 C— - 1)7 (643)

. o o,
The proof of (6.43) is provided in Appendix D.

The term g in (6.43) is the Lauricella multivariate hypergeometric function of the

second kind [31]. Note that (6.43) generalizes [54, eq.(27)] and [31, eq.(3.24.6.3)] as the
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inverse Laplace transform of an arbitrary number of the confluent hypergeometric
function, each with arbitrary parameters. Using (6.43) and upon simplifying the

resulting expression, the cdf of y,. becomes

o (i) el T

N N —
XFB(N)[LP"':LN;Ll +8K19"':LN +6KN;ZL'I +ZK” +1-N; b

n=1 n=1

kePy n=1 n

-y ﬁ(%}l[l“(l,n+l):l‘<{ B :1)[5 ]

A -A
1 ’...,_N} (6.44)
by by

N N
XFI;N)(Lla"'aLN;Ll +6K,""’LN+6KN;ZL'! +2Kn +1-N;
n=1 n=1

0’ n
whered, = {1

, K =1

6.4 Performance Analysis

6.4.1 Outage Probability

The end-to-end outage probability is defined as the probability that the end-to-end SINR

falls below a predetermined protection ratio y, and is given by P, :Fyyq (7th)'
Therefore, for DF multihop relay system we can use B, =F, ( }/,h)in (6.15) and for

AF,weuse B, =F, (y,h) in (6.44), respectively.

6.4.2 Average SER
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The average SER of multihop transmission over relay fading channels is an important
performance metric and is defined as the averaging of the instantaneous (conditional)

error probability over the pdf of the end-to-end SINR.

6.4.2.1 DF Relaying
Using the MGF-based approach, the average SER for several M-ary modulations can be

given by

Z 0
— ¢~
P=> (1M 2 1do, 6.45
’ '([ Tea [sinzﬁ] ( )

where parameters Z, A-, #. and 0 given in table 3.1. Moreover, for the special case

of BPSK, making a change variable s =sin’ @, the infinite integral in (6.45) may be

evaluated in the closed form to give (see Appendix E)

_ 1 1 L ﬂ,r m. L, m, _ ﬂ,r 1/2—j ) ﬂ/r 646
=273 H,,zlg 22E, > Y 1/2,3/2—1,7(aw+1) . (6.46)

s
6.4.2.1 AF Relaying

An approach to evaluate the average SER of multihop AF transmission over a fading
channel is given by [93, eq. (6)]

P= —TZ(M)%{M”“F () }du, (6.47)

0
where Z (u)is the auxiliary function which represents the instantaneous (conditional)
SER and is given in [93] for a variety of M-ary modulation schemes. Specifically, for a

given conditional instantaneous SER P ( Vg ) , the auxiliary function Z (u) is defined as

Z(u)=L" {M}(u). (6.48)

t

Substituting (6.38) in (6.47), the average SER is given by
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Sav]
Il
iPM=
S 8
N
—_~~
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o
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/_/h\
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L
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<
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o
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|
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+ by
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=
7\
A:O )
2
N—
7\
BN
=
|:
= S
N——
%,_/
~
~
S
=
s

=

(Lk+l) Q. "

ul'(L,)( L.ab ub | Lb ub
L +1;2,— |[+—=T(L, +1 L +1;1,—

(Lk+1){Qs,kAk l//[ k+9 >Ak}+Ak ( k+)l//[ k+97Ak).

(6.50)
Note that the result in (6.49) can be easily evaluated numerically. In the numerical result

section, to illustrate the numerical accuracy of (6.49), the average BER for the special

case of binary modulations is depicted. In this case, the auxiliary functionZ (u) is

defined as
Z(u)z;Glzg0 au : , (6.51)
2r ( ,8) ’ £3,0,0
1, BPSK 1, NFSK / DPSK
where o= and f= .
1/2, BFSK 1/2, CFSK/CPSK

6.4.3 Average Channel Capacity

The average channel capacity provides an upper bound for the maximum transmission
rate and was initially established for the Gaussian channel. In this section, novel
expressions for this metric for DF and AF relay systems operating in Rayleigh fading

with co-channel interference are derived. The expression for the DF relay protocol is
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given by a closed-form expression in terms of the confluent hypergeometric function
Y(.) , whereas the AF is given by a single integral which can be easily implemented in

most popular computing software.

6.4.3.1 DF Relaying

The average channel capacity can be given by
C,p= WIO log, (1+7/)fm (7)dy,

YpF ( )dj/, (652)
1+y

W s F
=~k

where W is the channel bandwidth. Substituting (6.12) in (6.52) gives

a2

r=1 j=1 1+7/ 7+/1 /b)

(6.53)

Using the partial expansion, (6.53) becomes

. Mﬁs
w

LoV L 1 = exp(—yaw)
4 A d
H(bj 225 {(lr/bl)’jo (l+y) 7

Tn(2)%

Lyt eexp(—yam)
+;(z 0! (l)i—k(l 4, 1b) .[0 md}/},

" Zj:( 1)’ —k (1)1 k(l 2’ /b)k i- 1(: ] ) l//(l;l;aw%,. /b)} (654)
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Note that when we replace a = 0 in (6.54) and using [38, eq. (3.197.5)], (6.54) becomes

Ly

O YR e —

ii (1+7)(7+4 /b)Y

/4 4, R4 & b
- Zr = 1+ 11— — 6.55
ln(z)H(b) Z J.r 2 {], 5]+ B ﬂ,j, ( )

which is the average channel capacity for the interference-limited case.

Also for the case b=0 (no interferers), substituting (6.17) in (6.52), (6.52) becomes

3

— W =exp(-yam)
)

(6.56)

which is the average channel capacity for the noise-limited case.

6.4.3.1 AF Relaying

The average channel capacity for multihop AF relay systems can be given by [88, eq.
91, [81]

w1
oe®) { ;(1 —exp(~t))M,, (t)dt. (6.57)

5AF =

Substituting (6.38) in (6.57) yields

I(L,)t

wotl N th . a th
Cavg = 1Og(2) !;(l—exp(—t)){HHIF(Ln +1)W£L O A—HJ—WLQ—JV/[L”,I A—]}dt,

'S, n

(6.58)

which can be easily and accurately computed numerically.

6.5 Numerical Results
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In this section, some numerical and simulation results to illustrate the performance
analysis presented in the previous sections are presented. For illustration purposes
multihop relay systems with N=2 and 3 hops and two equal-power interferers per hop
with average INR equal to 5 dB are considered. Figure 6.2 plots the outage probability
against the average SNR per hop with threshold yth=3 dB. The outage performance for
the DF and AF multihop relay systems are evaluated using (6.15) and (6.44),
respectively. The figure shows that the analytical results match perfectly the simulation
results. It also shows that the outage probability decreases as the SNR per hop increases.
Moreover, it is observed that DF relaying protocol provides a better performance than
AF relaying with the performance gap between the two relaying schemes to increase at
low and medium values of the average SNR as the number of hops N increases, but it
diminishes at the high SNR per hop regime.

In Figure 6.3, the average BER for DF and AF relaying are plotted with BPSK given by
(6.46) and (6.49), respectively. The figure shows that the analytical results and the
simulation results are in excellent agreement. Similar observations to those in Figure 6.2
can be deduced from Figure 6.3, i.e., the DF relaying scheme outperforms the AF
scheme, although the two performances converge at high SNRs. Finally, in Figure 6.4
the average channel capacity per unit bandwidth (W=1) for both multihop relay systems
are depicted. The numerical results obtained by (6.54) for DF relaying and (6.58) for AF
relaying are shown to be in excellent agreement with the simulation results obtained

using 5, in(6.13) and , _ in(6.24), respectively.
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Figure 6.2 Outage probability versus average SNR per hop for AF and DF relay
systems with N=2, 3 hops and two equal-power interferers per hop with average

INR equal to 5 dB.
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Figure 6.3 Average BER versus average SNR per hop for AF and DF relay

systems with N=2, 3 hops and two equal-power interferers per hop with average

INR equal to 5 dB.
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Figure 6.4 Average capacity versus average SNR per hop for AF and DF relay systems

with N=2, 3 hops and two equal-power interferers per hop with average INR equal to 5

dB.
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CHAPTER 7 MULTI-HOP RELAY SYSTEMS IN
INTERFERENCE-LIMITED NAKAGAMI
FADING CHANNELS

7.1 Introduction

The main purpose of chapter is to derive the outage probability of channel-assisted AF
and DF relaying for cascaded multihop relay systems in interference-limited Nakagami
fading environments. The multiple Nakagami-faded interferers at the relay and the
destination nodes are considered and the closed-form expressions for the outage
probability of both AF and DF relay systems are then be studied. Specifically, the
Nakagami-faded interferers at a particular relay node are identically distributed but the
statistics of the interferers may differ from node to node. Also the case of non-
identically distributed Rayleigh-faded interferers is investigated at the relay nodes. The
impact of interference on the outage performance of both DF and AF relay protocols is

illustrated through analytical and simulation results.

7.2 System Model

A wireless network that comprises of a source (S), several AF relays (R,,n=1,..,N —1)
and a destination (R, = D) is considered with the nth (n=1,..,N) relay interrupted by
L, co-channel interferers in a Nakagami fading environment. Throughout the chapter
the interferers at each node are assumed to be independent. Although the interfering
signals at different relay nodes may originate from the same source, the independence
assumption is justified when the relays operate in different time slots and are spatially
located sufficiently far from each other. In an interference-limited wireless

communication system, the effect of AWGN can usually be neglected. Then the
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equivalent end-to-end SIR in an AF multihop relay system may be tightly upper-
bounded by [41],[45], [54]

N

Veg {Zi} , (7.1)

n=1 ’Yn

where the instantaneous SIR at the nth hop is given by

2
a

n

.y 7.2
ZiL:lZ"J ( )

Tu=

with, being the fading amplitude of the desired signal at the n™ relay and Z,.s
i=1,..,L,,n=1,..N, being the instantancous power of the ith interferer at the n'h
hop.

7.2.1 Derivation of PDF

The probability density function of the inverse of the per hop SIR in (7.2) is given by

fa(y)= -[: xf; (yx)fas (x)dx, (7.3)

Vn

where Z, = ZIL Z, . is the total interference power at the nth relay. For a Nakagami-m

=1"n,i

fading channel, the pdfs of a,f and Zn are provided as

Fo ()= et | ep| et | (7.4)
aﬂ F(n/ls,n) Qs,n Qs,n

(7.5)

where »  and o, are the Nakagami fading parameter and the average power of the
desired signal at the n' hop (n = 1, 2, ..., N). Similarly, », and o, are the

Nakagami fading parameter and the average power of the interfering signal at the n™
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hop. In (7.5), the interferers are assumed to be independent and identically distributed
(i.i.d.) at the n™ hop. Substituting (7.4) and (7.5) in (7.3), then [38]

B l"(mm +an1,n) m, A, L, s [m A, ~{m L)
fv,',l (Y)_F(ms,n)r(an[,n)L m J Y m—Y+1 , (7.6)

s,n s,n

where A, =  /q,, 1is average SIR at the n™ hop. Moreover, for the case of

I.,n

independent non-identically distributed (i.n.i.d.) Rayleigh interferers, the pdf can be

written by
&y T z
,(2)=2 ——exp| — |, 7.7
1, (2) ZQ iy (7.7)
Ly Q
where 7, = H# Substituting (7.4) and (7.7) in (7.3), it is easy to show that
k=1 i,n - k,n

k#i

the pdf of the inverse SIR at the nth hop with i.n.i.d. Rayleigh interferers is given by

[38]

m

I yA —(mm-v-l)
f“‘/;l (y) = ZniAi,n {1 +J} s (78)
i=1 s,
wherea, =q , /Q,, is the average SIR of the i™ interferer at the n™ hop. Similarly, the
pdf of instantaneous SIR at the n™ hop is provided by

£, ()= xr, () £, (x)dx. (7.9)

Substituting (7.4) and (7.5) in (7.9), yields [38]

= r(ms’n +L”m1"") ml,nAn o mg ,—l m[,nAn _(mm*—Lﬂml'”)
fy” (Y)_r(ms,n)r<an1,n)( m ] Y v m . (710)

s,n s,n

Similarly, for the case of i.n.1.d Rayleigh interference, the pdf can be obtained by

L, m , —( 1+m, )
£ (y) :ymy”—lmmzni [ T,n J {1+%y} . (7.11)

i=1 in in
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7.2.2 Derivation of MGF
The MGF of the inverse instantaneous SIR per hop is given by

M (1)= j: e f L (v)dy. (7.12)
Substituting (7.6) in (7.12), (7.12) becomes

r(mxn +anln) m
_ A\ ) A, e 7.13
Mvi (t) F(mm) W[anl,n’l mg,; m/,nAn t} ( )

1 G el - . . .
where y(a;b;x) =F)J‘t“ '(14+£)"“"e™dt is the confluent hypergeometric function of the
4%

second kind [7]. For the special case of a Rayleigh channel (m , =m,, =1), (7.13)
becomes
— N AL
M (t)=T(1+L,)y(L,:0:A,'t). (7.14)

Moreover, for the case of distinct Rayleigh interfering powers, substituting (7.8) in

(7.12), the MGF of inverse instantaneous SIR per hop can be show to be given by

LIY
M (1)= mA,’"ZTci‘I’(l,l - m’Z—tJ (7.15)
" i=1

Thus the MGF of end-to-end per hop SIR is given by
M ()= j: e f, (v)dy. (7.16)

Substituting (7.10) in (7.16) yields

" ,] ‘ (7.17)
Similarly, for i.n.i.d Rayleigh interference, the MGFof the SIR per hop is given by

Lrl
M (t)=T(m,,+ I)Zni\u[ms,n;O;%tJ . (7.18)

i=1 s,n
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7.3 Outage Performance

7.3.1 AF Relaying System

Under the assumption that the hops are subject to independent fading, the cumulative

density function of quF can be expressed as [41]

F . (y)=1-L' (7.19)

eq

t x=1/vy

H:;Ml/y” (t)]

where £(.) is the inverse Laplace transform and 5/, () is the MGF of the inverse SIR

per hop. The cdf in (7.19) may be found with the help of Appendix D.

For the case of i.n.i.d. Nakagami desired signals and i.i.d. Nakagami interferers at each
relay, the closed-form expression for the cdf of the end-to-end SIR of an N-hop AF
relay network can be obtained as

P (r)=1-— ] {Hf(mun)[w}}

F(l WL, r(m..) e

n=1

m, A m, v A
(N) . . N . L1421 1NN
xF} [le”,”,,LNm[,N,L,m,,1 +mg . Lym,  +mg 1+ E l_zlL,.m,,,.,— - J

geoesy
mx,ly ms,Ny

(7.20)

Note that the Lauricella function g may be written in integral form as [31, eq.

L=~y —..u,, u’
— I —————dudu,...du, , (7.21)

and can be accurately computed numerically with the software program Maple. An
upper bound on F may be obtained if the upper limits of the integrals in (7.21) are

replaced by one:
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N N n 1
F;")(a,,...,an;al+1,...,an+1;Zai+1;xl,...,xnj = F(Zai‘HJH a (7-22)
i=1 i i

In the case of a Rayleigh fading environment, (7.20) reduces to

_ (I/V)LT N L, | ) A Ay
Fy(v)=1- m[nnlr(%“)/\n JFB Do ol L Ly Ly 5= =,
(7.23)
where L. =ZnN:1 L, . Moreover, for i.n.i.d Rayleigh interferers, inserting (7.15) in (7.19),

after some mathematical manipulations, the cdf can be given by

N
e[|

-N N Ak,,,n

boo ! { et T m } A A

XZZ s, F};N) ],___,1;1/;1S1 +1,...,mSN +L;N+1; k1 - ky N .
hi=t =t T(N+1) ’ ’ m,y  my

(7.24)

Note that for the special case of N = 2 (dual-hop system), (7.23) reduces to

F (v)=1—r(Ll+1)r(L2+l) MY (A LZF LoLyL A 1L + L + L + 1= 20 2
yjlr F(L1+L2+1) ’Y ’\{ 3 1944544 s L s 49 9] ) 'Y ) 'Y )

(7.25)

where F, ()1is the Appell’s double hypergeometric function of the third kind [18]. Also

using [38, eq. (9.182.4)] and [38, eq. (9.131.1)], and after some algebra, we can show

that

-X —X
F,la,a,;1+a,1+a,;a, +a, +1;—,—
o, 0,

—al —az
xX+o xX+o x(x+o, +o
——(—lj (—zj 2E(al,a2;al+a2+l; ( 1 ) ]

o, o, (x+o0)(x+0,)
(7.26)

Substituting (7.26) in (7.23), then
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-L -L,
F/1F(y)=1_F(Ll+1)F(L2+1) T X Fl L L, 1+v/A, +7/A, ,
e C(L+L,+1) A, A, (L+y/A)1+7/A,)
(7.27)
which agrees with the cdf of the end-to-end SIR for the dual-hop relay system given in

[54, eq. (11)]. It then follows that the outage probability for the N-hop AF relaying

system with identical interferers at each relay is given by P (y,)= F, (Ya)-

out

7.3.2 DF Relaying System

For the multihop DF relaying system, the cdf of the end-to-end SIR is given by

Fo (va) = Prlmin(y,nvy)<va] = 1-]](1-F, (va)) (7.28)

n=1

. Then, using the
x= yrh

M
where the cdf of SIR per hop is given by F, (y,)= [ l:_yn (t):l
: p

inverse Laplace transform in (7.17) yields

_ F(ms,n +L,m n) mg Y " 0 L MY
F;’"(’Yth)_r(an[’n)r(m +1)(m1,n/\ F m,,m +L Wy s, +1; ,

S,n n

~ C(m,, +Lm,) (m,y," o,
) F(anl,n)r(ms,n +1) (ml,nA 2F{ ms n’ +L mI "’m +1 ’(729)

n I.n* *n

where |, () is the Gauss hypergeometric function. Substituting (7.29) in (7.28), (7.28)
becomes

F(m +L m,n)

N s,n n 5 ms ;zYth " ms n’Yth
F, =1- 1- - F ,m L ; I—— .
Teq (Ym) 1,,1{ r(an,’n)r(mS’n +1)(m1’nA J 2 (m” n TS M m, A, j}

n

For the case of the Rayleigh fading channel (i, , =m,, =1), (7.30) reduces to

n=1 n n

N
Fo (1)=1- H( Lt g (1+Lﬂ,1,2 /Y\’D (7.31)

By using the fact that , F, (v +1,1;2;-x) = L{l -(1+ x)’v} , (7.31) becomes
124
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F, (ym):1_1ﬂ[[ A, j } (7.32)

n=1 An + th

In addition, for the case of i.n.i.d Raleigh interference, the cdf can be written by

N I, e,
E@F (Yth ) - H{l - Zni [m‘[\;%h} B (ms,n J+ mg ., 31+ mg, ;——anyzh ]}

n=1 in in

_1ﬁ{1in, (A—J } (7.33)

Finally, we observe that, in the case Rayleigh fading channel with identical interferers at
the relay nodes, using the upper bound in (7.22) and comparing with (7.33), it is

observed that the outage performance of DF relaying is better than that of AF relaying.

7.4 Numerical Results

In this section the numerical and simulation results to verify the derived results are
presented. In the figures, outage threshold vy, is set at 3 dB and the impact of varying
the Nakagami parameters for the desired and interfering signals, the number of

cooperating relay nodes, and the number of interferers are investigated. Figure 7.1 plots

the outage probability against the average SIR per hop for N=3 and {Ln}nN:1 ={2,2,3},

assuming i.i.d Nakagami fading with {m}N1 =25, {m,’n}N1 =1.5 and i.n.i.d. Nakagami

n= n=

fading channels with {m}:v:1 ={2.5,3.5,2} {m,,n}:i1 ={1.5,2,1} . This figure shows that the
analytical results match the simulation results perfectly. It also shows the effect that
Nakagami fading parameters have on the outage performance. Moreover, it is observed
that the DF relaying protocol provides better performance than the AF method, with the

performance gap between the two relaying schemes to increase at low and medium

values of the average SIR, but it diminishes at the high SIR per hop regime. In Figure
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7.2, the outage probability versus the average SIR of the first interferer A;; for N=2

N

and 3 hops are plotted by assuming identical Nakagami fading channels {m?} =2

) =1

and two in..d Rayleigh interferers per hop, with average SIRs in dB given by

{[Ai,n N }Nl ={[An Ay +3][A, +2.0, +4][A, +3.A, +6]}. The figure shows that the

i=1
outage probability deteriorates as the number of hops N increases. Finally, Figure 7.3

shows the outage probability for N=2 hops with AF and DF relaying schemes versus the

number  of identical interferers  with  {m,, }N:] =2,  {m,, }N:l =1 and

{An}iv:1 =20, 25, and30dB. Again, the analytical results and the simulation results are in

excellent agreement. From this figure we can quantify the performance degradation that
occurs as the number of interferers increases. The DF relaying system outperforms the
AF relaying system with the performance gap between the two schemes decreasing as

the total SIR per hop increases.
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Figure 7.1 Outage probability of 3-hop DF and AF relay systems in Nakagami-m

fading channels.
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CHAPTER 8 CONCLUSIONS AND FUTURE WORK

8.1 Conclusions

The main contributions and conclusion remarks of this work are provided as follows:

8.1.1 Optimum Combining

8.1.2

In this dissertation, the analytical performance of OC diversity system in the
presence of multiple equal mean-power interferers has been investigated. Both
the desired signal and interference experience a spherically invariant random
process (SIRP) fading while the background noise is neglected. The important
performance measures such as outage probability, MGF, and ASER are then
derived in terms of the Meijer-G function which can be accurately computed by
the software programs such as MAPLE or MATHEMATICA.

Multihop Relay Systems

The performance of multi-hop relay transmission systems that operate in a
Rayleigh fading environment in the presence of co-channel interference and
thermal noise is studied. Both amplify-and-forward (AF) and decode-and-
forward (DF) relaying protocols are considered and analytical expressions for
useful performance measures such as the outage probability, the average symbol
error rate, and the average channel capacity are then obtained. The accuracy of
the analytical results is verified by computer simulation.

In addition, the effect of co-channel interference on multihop AF and DF
interference-limited relaying systems operating in Nakagami-m fading channels
is also investigated. For these transmission schemes, the case of interference-
limited relays with gains based on the inverse of the fading amplitude of the
desired signal in the previous link. For arbitrary but fixed number of Nakagami-

distributed interferers per hop, A closed-form expression for the outage of an
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N-hop AF relay system is given in terms of the multivariate Lauricella function
F™ that can be evaluated with commonly available computer software.
Moreover, the outage performance of DF relay systems is also derived in closed
form and their performance are compared. Simulation results are also provided

to demonstrate the accuracy of the analytical expressions.

8.2 Future Research Directions

Extensions of this dissertation are possible in the following directions:

Until recently the performance for multihop relay nodes together with multiple
antennas is limited to systems that are noise-limited (no interferers). Therefore,
it would be interesting to extend the results in this dissertation to obtain the
performance of the system with the presence of co-channel interference and
noise.

In this dissertation, the assumption of independent interferers is justified when
the relays operate in different time slots and are spatially located sufficiently far
from each other at different relay. However since all the relays are forwarding
information to the same destination, they may be operating at the same
frequency and will suffer from the same interferers or at least correlated
interferers in different time slots. In this case, some analytical results for
correlated interferers would be also studied to make the results in this
dissertation more generic.

The performance various cooperation protocols such as AF, DF, DAF, EF, and
PF could be established based on different performance goals, such as
minimization of the download time, spectral efficiency, minimization of

interference, etc.
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APPENDIX A.

DERIVATION OF EQUATION (5.22)
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In this section, we derive the closed form expressions for that the partial derivatives

given in (5.22). From basic calculus in [13, eq.(2.34)], it can be shown that

rv+1

P =56 Sy

veb = =D D,

and

T@An) s
I'(u)

Substituting (A-1) and (A-2) in [38, eq.(0.42)], yields

Jox LT (0 D@, (x )
D"{<x+a>“}_ff<v—n+l>x e Z@ [ j‘

D! (x + a)fu =(-1)" =(=D"(w), (x+a)™"™"

pary (v-n+l), \x+a

T(v+1)

_ g e (1) ED @), (b Y
_F(V—n+1)( by a=b) ;)(k}(v—n+l)k(a—bj

L Te+D L (n) D, (b Y
_F(v—n+1)( by a=b) kz_:‘){k](v—nJrl)k(b—a]

3)
The coefficients in (5.22) are given, respectively, by
_ 1 d¥e N (x+ y+ A+ AgpN )
—1k (NR_k)!deR—k (x+}/+AD)ND+1 X?yy(f/:)

40420
7+Ag

1 defk K Ne+2
= (NR —k)' dx]kak (x+}/+AD )ND+1

c{h}*k Np+1
+ (}/+AD+/1RDND) - )ND+1}

dxe (x+ y+A, F‘%X?
_ 1 dV = XM (x4 y+ A+ A Ny)
=2k p+l— R x=—(y+Ap
(ND+1—k)!de o x+}/(7/+1) N (r+Ap)
7+Ay
B gk Vet
dx ™k (x+7/+AD)N”+] x:‘iyy(f;i)

P 042))
7+Ag

c{h%*k .xA%+1
+(7+AD +ﬂRDND)deR7k (x+7+A )ND+1
D

Finally, using (A-3) in (A-4) and (A-5) results in the closed-form expressions for =

and =, given in (5.22a) and (5.22b), respectively.

(A-1)

(A-2)

(A-

(A-4)

(A-5)

'k
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APPENDIX B.

SPECIAL CASES OF INCOMPLETE WEBER INTEGRAL
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In this appendix, we shown some special cases of the incomplete Weber integral given

by
K, (p,x)= It”e"”’sz (t)dt. (B-1)
)

For the special cases of interest, it is shown that K, (p,x) may be written as the

follows:

(1) When» - « , we have [38]

K, (p,0)= J’ ‘e " K (t)dt
0

S 1(u+v+1)/2 F(u+v+ljr(u—v+ljw(u+v+l’l+2v;Lj (B-2)
2 p 2 2 2 4p

(i1)) When p =0 we have [59, eq.(2.1)]

K, (0,x)= j 'K (1)dt
U, 0

u+l 2 2
_ X K.(x),F, l;u v+3,u+v+1;x_ N xK (%) E l;u v+3,u+v+3;x_
(u—v+1) 2 2 4 (u+v+1) 2 2 4

(B-3)

(iii) When » = v+1 and p = (2x)"', we have [18], [60]

K, ((Zx)_l,x)=—%(—x)v+l e-“/”*{(—wv!exr(—v,gj —K,(x) — 22(—1)%,,@)}

€l W

(B-4)

where v=0,1,2,3,... is an integer.
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APPENDIX C.

DERIVATION OF EQUATION (5.43)
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In this appendix, we derive the closed form expression for cdf of , and , given in

(5.43). The cdf of , 1is given by [73, eq.(16)]

Nyy Y
Fyl (71)= AR : 2F1ENR+1:1;2;_A_IJ

(C-1)
R R
where the Gauss hypergeometric function is defined as
1 1
JF(v+1L152;-x) = 2 V+) ), (-x)" (C-

2)

with v,x %0, and (v), = F(;(—Jr)") Using the fact that (l)n =n! and (2)” =(n+l)!,
v

and introducing k =n+1, (C-2) becomes

JE (v +1,12;-x) i(
)&

V k!
1 = (V) k
——J1- k(-
vx{ ;:‘ k! ( x) }
=i{1—(1+x)’”} (C-3)
where we have used [38, eq.(9.121)].

Using (C-3), the closed-form expression for

( }/1) is given in (5.43a). Similar to F;1 ( }/1) , the closed-form expression for F’ ( }/2)
is given in (5.43b).

FE.

n
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APPENDIX D.

DERIVATION OF EQUATION (6.43)
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In this section, we provide a proof for (6.43). The confluent hypergeometric function of

the second kind may be written in contour integral form as [38, eq. (13.2.10)]

1 ’f [(-s)T(a+s)T(1+a-b+s)

¥ (abix) = (a)T(1+a—b)

x‘(u-#.s‘)dsj (D_l)
2rj

— joo

where ;- /-1, and the contour must separate the poles of r(-;) from those

I'(a+s)T'(1+a-b+s). Using (D-1), the left hand side of (6.43) becomes

{ C 11_[ \V an’bn’Gt }

Ty L 1 r(an)r(1+an—bn)

(D-2)

where the nth contour in (D-2) is chosen to separate the poles of r (-5 ) from those of

I'(a+s)T(1+a-b+s,). Theinverse transform in the brackets may be obtained from

[38, eq. (17.13.3)] as

q ('717i(5”+a”) x;(sﬂ o e

L' - =— : (D-3)
F(Z(sn +an)+l—cj

n=1

Substituting (D-3) in (D-2), we have

{‘IHwa bn,cst}

o oo Z(S,,*-H,,)—c v T
= 1 J. J. x" H O-’(%*“n) 1—‘(_Srl)l—‘(an +Sn)r(1+an _bn +Sn) :|dS
@r)" fmF(ZN:(S +a )+1—cj Zi [(a)(+a,=b,) !
i oo . B (s,+a,)
o j f £ ﬁ (iJ r(-s,)[(a,+s ) (1+a,—b +s,)
ez’ 2 o . (i(s v )+1—cj i\ o, C(a)C(1+a,—b))
n=1

(D-4)
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Note that the contour integrals in (D-4) may be converted into infinite series as [38]

{”H\ya b, ot}

Z(l +a, )—c
_3S Al = o wap L@, +1)0(+a,—b, +i,)
22 (Z(l a )bl cjn{ T(a,)T(1+a,-b,)(-i,)! }

n=1

) 1 N

e , ;
_ . [ n=l Z z H|:(an ), I+a,-b,), w} (D-5)
F( j’:‘) iy=0 [Za +1- c} =l l

n

N N
where a, =Zan and i, =Zin . Finally, the multiple infinite series in (D-5) may be

expressed in terms of the Lauricella function [31], to give the result in (6.43).
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APPENDIX E.

DERIVATION OF EQUATION (6.46)
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Substituting (6.26) in (6.45), the ABER for multihop DF relay system can be given by

1

1 _
=2_J' 1/2( )l/zdS

0

o]l

L SRS T 3/2 -1/2
_Z[Hﬂb‘j e, L exp(- 7m)(7+—J [, 577 Ges) " exp(=y /s )dsdy

r=1 j=l1
(E-1)

To obtain the result of (E-1), in this appendix we consider the integral term given by
N = j: exp(-Ay)(By +1) ¢ Jol s (1-s) P exp (—y /s )dsdy (E-2)

where 4,C >0, B > 0 are the arbitrary constants.

- 0,1 il _
0]:G1"°[7 —] ¢

where G,/ () is the Meijer-G function [38]. Substituting (E-3) in (E-2) and using [38,

Next, use the identity in [15] to give

exp(—y/s) =Gy} [%

3)

eq. (7.811.2), eq. (9.31.1) ], yields

w ol _ sl
R :Io exp(—yA)(B}/+l) CIO s (1-5)"? G&)l (; _std}/

13/2,1

:F(I/Z)jowexp(—yA)(}/B+1)7C Gyt (;‘1 dy

=T(1/2) j: exp(-yA)(yB+1) G [%‘3/2]0” (E-4)

Next using the properties of Meijer-G function in [38, eq. (9.31.2), eq.(9.31.5)], (E-4)

may be shown to be given by

~ w» ~ 1,0
R=T(1/2) exp(-y4)(yB+1) GOIM 1/2}17
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= F(1/2)I0w7/‘1/2 exp(-yA)(yB+ 1)76 Gy (y‘;jd}/
=T (1/2).[:7’”2 (B + 1)7c exp(—y {A+1})dy
{4+1}

:F(I/Z)F(I/Z)B”251/[1/2;3/2—C;T]. (E-5)

Using (E-5), the ABER for multi-hop DF relay system is shown in (6.46).
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