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Abstract— This paper investigates a hybrid satellite-
terrestrial cooperative relaying communications network
(HSTCN) under independent and non-identical shadowed
Rician and Nakagami-m fading channels. It evaluates the
performance of such a network using amplify-and-forward
(AF) cooperative relaying protocol. The maximal ratio com-
bining (MRC) technique is used at the destination to com-
bine the signals received from the source and cooperating
relay nodes. An analytical approach is derived to evaluate
the performance of the system in terms of outage probability
and symbol error rate (SER). The closed form expressions
for the probability density function (PDF), cumulative dis-
tribution function (CDF) and moment generating function
(MGF) of the end-to-end signal to noise ratio (SNR) are also
derived. The derived analytical expressions are applied to
the general operating conditions with the help of satellite
channel data available from the literature. The analytical
results are compared with Monte Carlo simulations. The
results show the improvement in the performance of the
HSTCN under challenging fading conditions with the help
of fixed multiple terrestrial relay nodes.

Index Terms— Hybrid satellite-terrestrial, cooperative relay,
amplify and forward, fading channels, combined probability
density function, moment generating function, outage prob-
ability, symbol error rate.

I. INTRODUCTION

The demand for high bit rate transmission supporting
a variety of multimedia services is increasing day by day.
Satellite technology can address this concern as it can be
used to develop a global communication system. In this
scenario, the differences between terrestrial and satellite
communication systems as well as between fixed and
mobile networks will cease to exist in the global coverage
by wireless communication system.

Cooperative relaying networks are useful in the
satellite-terrestrial networks as it can extend the satellite
coverage especially in the areas where terrestrial net-
works are not able to provide services due to lack of
coverage, emergency conditions, and network overloads.
Many efficient physical layer techniques like adaptive
coding and modulation (ACM), satellite channel mod-
eling, synchronization and estimation are proposed, but
these techniques are not able to provide satellite cov-
erage inside buildings and shopping malls due to lack
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of signal from the satellites [1]. In such situations, a
cooperative relaying satellite-terrestrial network can play
an important role as it offers services inside covered
areas as well as supports low cost user terminals with
satellite transmission and reception capabilities. The relay
node operates in two strategies, i.e. Amplify and Forward
(AF), and Decode and Forward (DF) [2]. Hence, diversity
gain can be achieved through multiple signal paths. As
a result, a high data rate is achieved and transmission
becomes more reliable in terms of symbol error rate
(SER) and outage probability [2]. Many standardization
groups have incorporated relaying techniques into their
emerging standards such as IEEE 802.16 and IEEE 802.11
[3].

The concept of a hybrid satellite-terrestrial cooperative
system is presented in [4]-[7]. In [4], transmit diversity
technique using space time coding (STC) is proposed
and diversity gain is achieved with the use of multiple
terrestrial relay nodes with encoding capabilities, while
additional coding gain can be achieved at the destination
node by combining different parity symbols as shown in
[5]. Moreover, a comparison of AF and DF techniques in a
cooperative satellite communication network is discussed
in [6]. In [8], the architecture of a satellite based mobile
multimedia broadcasting is presented, while cooperative
relaying for DVB-SH is discussed in [9] - [10]. The
outage performance of multiple relay cooperative system
using Nakagami-m fading channel is discussed in [11] -
[12].

In a cooperative relaying satellite-terrestrial system, a
hybrid channel consisting of satellite and terrestrial com-
ponents is perceived by the destination node. Furthermore,
the conventional channel models used in terrestrial radio
propagation cannot be used to characterize the satellite
channel because of the remarkable differences observed
in the line-of-sight (LOS) and shadowing links. In order to
model such a satellite channel, a combination of different
probability distributions is necessary [13]. In [5]-[7] and
[14], a hybrid satellite-terrestrial channel is considered
in which fadings in the source(satellite)-relay (S-R) and
source(satellite)-destination (S-D) links are assumed to
be Rician distributed, while Rayleigh fading is assumed
between the relay-destination (R-D) link. In [4], [10] and
[15], lognormal distribution is considered in S-R and S-D
links. While evaluating the BER performance of single
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and multichannel reception, lognormal based models can
be complex especially for the mathematical computations.
Thus, the shadowed Rician channel model [16] which is
simple and accurate in terms of mathematical computa-
tions and much closer to the measured satellite data can
be used.

In this paper, we investigate the performance of multi-
hop AF HSTCN under non-identically distributed fading
links between S — D, S — R; and R; — D. To the
best of our knowledge, the performance analysis of a
HSTCN over independent and non-identically shadowed
Rician and Nakagami-m fading channels with closed
form analytical expressions has not yet been investigated.
Hence, we derive the closed form expressions to evaluate
the performance in terms of outage probability and SER
for some important modulation schemes under various
fading scenarios. We also compare the theoretical results
with Monte Carlo simulations of these different scenarios.

Section II of this paper introduces the network and
fading models. In Section III, we derive the closed form
expressions for the combined PDF, CDF and MGF of
the bounded end-to-end SNR of the relay path. The Land
Mobile satellite Channel (LMSC) parameters for various
fading conditions are used to analyze the performance of
the system in Section IV. Finally, concluding remarks are
given in Section V.

Mathematical Notations and Functions: X — Y de-
scribes the link between node X and Y, E[] denotes
the expectation. K, (+), 1F1(-, -, ), T'(*), Yay»> Yoy M~ ()
and 2F7 (+,-,+;-) denote the vth order modified Bessel
function of the second kind, the hypergeometric function,
gamma function, instantaneous SNR of the X — Y
link, average SNR of the X — Y link, the MGF of
the equivalent SNR () and the Gauss hypergeometric
function, respectively.

II. SYSTEM MODEL
A. Network Model

A HSTCN with multiple cooperative terrestrial fixed
relays (R;) where ¢ = 1..., N and single destination (D)
is assumed as shown in Fig. 1. Independent and non-
identical fading paths exist between the source (.5), N re-
lay nodes and the destination. It is assumed that each node
is equipped with single antenna. The source transmits
information signal to the relay nodes and the destination.
The independent faded copies of the information signal
are received at the destination node, one directly from
the satellite and the other through the N relay nodes.
This technique of transmitting information from different
locations makes communication possible even in bad
channel conditions and provides spatial diversity at the
destination. To explain the system in a less complex
manner, the AF cooperative protocol is used at all relay
nodes to forward information received from a source
to the destination node, where the distance between the
relay nodes and a stationary destination node is same.
Specifically, the whole transmission is accomplished in
two phases as illustrated in Fig. 1. In the first phase
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Figure 1. System model of a hybrid satellite-terrestrial cooperative

network

of cooperative communication, the source broadcast the
signal (information), destination and N terrestrial relay
nodes receive. In the second phase, the relay nodes
amplified the receive signal and forward the scaled version
of the signal to the destination while the source keeps
silent. The destination node combines all received signals
from the source and N relays using MRC. Further, for
the sake of mathematical tractability it is assumed that
the signals transmitted by the source and relay nodes are
perfectly synchronized at the destination node.

B. Fading Model

In the proposed system independent and non-identical
fading channels are assumed. The shadowed Rician dis-
tribution is assumed between S — D, and S — R;,
which is a more accurate distribution for analyzing the
performance of wireless land mobile satellite communi-
cation (LMSC) systems [16]. The fading coefficient for
S — D and R; nodes are represented as hgq and hgp,
respectively as shown in Fig. 1. The channel coefficient
between R; — D follows the Nakagami-m distribution
because there are multiple paths due to small buildings,
trees and other objects and fading coefficient is denoted
by h.,q. The instantaneous SNR of the combined signal at
the output of MRC at the destination node can be written

as:
N

Vwre = Vsd T Z Vrs (H

=1

where v,q = ’hsd|2E5 /Ny is the instantaneous SNR of
the S — D and ~,, is the instantaneous SNR between
the source and ith relay, and between the ith relay and
destination. For the tractable analytical evaluation of
outage probability and SER, +,,, can be determined by

’YSI‘i ,)/rld
Vrs Yo F Yoo @)
where g, = ‘hm 2E, /Ny is the instantaneous SNR
of S — R, channel while v,,4 = |hmd\2EH /Ny is the
instantaneous SNR of R; — D channel. While E, and
E,, are the transmit power of the S and the R; node. The
received noise at the ith relay and at the destination node
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is modeled as additive white Gaussian (AWGN) noise
with variance Ny. Fading coefficients between the S — D
and S — R; are assumed as shadowed Rician distribution
and PDF of SNR per symbol is given by [16] as

1 2b,m, e 7
f’ny(’Y) o 2bo:)/xy (2bom0 + Q) eXp (2bo’yx)/>
Oy
X 1 F 0 3
141 (m 2bo'}/xy (2bomo + Q)) &

Here, (2 is the average power of the LOS component, 20,
is the average power of the multipath component. Here,
m, 1s allowed to vary over the wider range of m, > 0.
We can model different types of LOS conditions for the
land mobile satellite channels, i.e. very small values of
m, corresponds to the urban areas, while the value of
0 < m, < oo is associated with suburban and rural areas
with partial obstruction of the LOS.

The PDF of the instantaneous SNR per symbol between
the R; — D is distributed according to the Nakagami-
m distribution which covers a broad variety of fading
scenarios for the different values of m-fading parameter

[17],
1 m\" .1 m
= — B — m — 4
f'Yrid(/y) F(m) ('Ymd) Y eXp( %id’7> ( )

where m is the traditional Nakagami multipath fading
parameter which ranges from > 0.5 to co.

III. PERFORMANCE ANALYSIS

This section presents a comprehensive performance
analysis of the proposed HSTCN. The PDF, CDF and
MGEF of the end-to-end relaying SNR, +,,, are derived,
and based on such statistics, we obtained exact closed
form expressions of the outage probability and symbol
error rate (SER).

A. Statistical characterization of end-to-end relaying SNR

The combined PDF of two independent and non-
identical distributions (3) and (4), can be calculated by
using [18], (as explained in Appendix A) and expressed
as the following equation,

fo () = 1 2b,m, Mo m\"
V= 2b07)/sr1 2b,m, + F(m) Yrid

Xexp[ (%olmrl %> }iﬁ

=0
1
m+t+ m+z )

_I(mo+az)
“T(mo)T(1+ 1)

x 2 m—+x ( 77% )
7 Qbom’ysri

/ m
X K(mfy) (27 2bof_}/€r '?rﬂd) (5)

where \ = (m) The average SNR be-
tween S — R; is represented by 7., = E4/Ny while
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Yrid = Er, /Ny is the average SNR between R; — D.
The following are some special cases where the above
derived PDF can be applicable.

Case 1: Applying m, = 0 and m = 1 in (5), the link
from S — R; and R; — D is converted into a Rayleigh
distribution. The combined PDF of the independent and
non-identical Rayleigh channels can be calculated using
(6), the result of which is the same as that obtained in

[12]
2 1 1

f’y"'i( ) . eXp|: <’Ys‘r7 Yrid ) :| [2K0

(=) (Vi)

’ys'f‘ ’77‘1 ,77“1 ,757’1

Vsr. 77’7
2y
X K| ——— 6)
' (V Vsri Vrd; ) } (

Case 2: In this case substituting m, = oo in (5), the
link between S — R; act as Rician distribution. While if
m = 1 in (5), the channel between R; — D works as a
Rayleigh distribution and the expression (7) is obtained,

1+ K, — 1
g exp (_Ksm - H) Z Y

’Ysri’%"id =0 (aj')2

x r+2
(S ECD)
Vsri k

f')’ri (v) =

k=0
(1-k)
1+ Ko ) Ara,
X 27I+1 ( + — 1)’7 d;
Vsr;
1 + KSTq'
XK(I,]{) 2y 7(_ - ) @)
VsriVrid
(1+Ksr1) B

. This is the combined PDF
of two 1ndependent and non-identical Rician and Rayleigh
fading channels as shown in [19].

An exact closed form expression for the CDF of the end-
to-end relaying SNR +,,, in (2) can be derived as

m, m—1
1 2bom, ° 1
F =1- el
Tr; (7) 2b0’75r. <2b0m0 + Q) ngo n!
1 m
Exp |— — 4
( d) P |: 7 (21)07«1 'Yr,~d>:|

ool o+k n+k +k
<3 g kz(")

I'(1+k)

— k—j+1
« 2771.5_]64,_1 2bom75ri
Vrs

/ m
X Kp_jy1 <2’Y M) ®)
O [Sr; [Ty

Proof: The proof is provided in Appendix B

The MGF-based approach is a simple and efficient
method to evaluate the average SER and outage proba-
bility in fading conditions and the MGF can be obtained
from the expression given by

M., (s)=E [e™™] )

where | =
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1 2b,mo Mo 4 m " oo 1 T'(mo+z) z ~—~m+z+1 m+x+1
M—y”(S) T 2605, (2b07rzo+Q) T'(m) (ﬁ) Za: 0 z! F(mo)F(l-i,-x))‘ Zy:o ( y
[ Ama Y /mEA™TY T(mtz—y+ DI (zty+1)
X 2 ( 205 mAsr, ) (a+B)Znte—yTl F(m’ir+3/2) Y (10)
><2F1(2m+x—y+l m-—y+sm+z+ 3,34_5)
In order to provide a powerful tool for calculating the = Therefore, the outage probability can be written as
average SER and outage probability, a closed form ex-

Poutage =Pr [7ub < P)/th] (18)

pression for the MGF can be obtained using the combined
PDF given in (5). After some mathematical manipulations
and from [18], the MGF of ~,, is expressed as in (10).

where
m
a= — + — + (11
|:2bor}/sm Vrid :|
and
m
B=2c7——— (12)
2b0757‘i77‘id

After substituting (3) in (9) and using [18], the MGF of
Ysd can be shown as

(2b1m0)™ (2by57sa + 1) "
[(2b,m0 + Q) (2by87sa + 1) — Q)™
where Y4 = E /Ny is the average SNR of S — D. Using
the assumed non-identical fading channels, a closed form

expression of the moment generating function of ~,; can
be obtained by multiplying the MGF of the 4 and ~,,

LM, 0

M’st(s) =

13)

M%b 'st (14)

B. Outage Probability

1) Without direct link: In this scenario, it is assumed
that the link between S — D is not available due to
heavy shadowing and the source is communicating with
destination node with the help of multiple fixed relay
nodes. In noise limited systems, outage probability is
an important performance measure and is defined as the
probability that the received SNR, 7,,, falls below a
certain threshold value ~;,. This threshold is a protection
value for the SNR, below of which the quality of service
is deemed to be unsatisfactory. The outage probability of
dual hop system without direct link can be obtained by
using (8) as follows

Pule.=Fy, (yn) (15)

2) With MRC (direct and relaying path): Consider the
case when the destination node is receiving the signal
from multiple fixed relays and as well as from the source
node. In this case the outage probability at the destination
node is given by

Poutage =Pr [’YMRC < 'Yth] (16)

where g = 227
its upper bound

— 1. The SNR can be approximated by

Yare = Yub = Vsd + Vr, 17
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Moreover, the closed form expression of M., (s) can be
used to calculate the outage probability as

S

Poutage = ['71 ( (19)

Yih

where £~ is the inverse Laplace transform. Using MGF-
based approach, the end-to-end outage probability can be
calculated by using any of the numerical techniques [20]-
[21].

C. Symbol Error Rate

1) Without direct link: The average SER (ASER) rate
is one of the important measures of the performance
of wireless communication systems. The ASER of the
various commonly used modulation schemes at certain
SNR is shown in [17] and can be obtained as follows

P = aQ (V)
where Q(-) is the Gaussian Q function which is defined

as Q(a) = \/%fso exp Q—t;) dt, and a and b are
constants depending upon the specific modulation type.
For example, (¢ = 1,b = 2) and (¢ = 1,b = 1) are
used to calculate the exact bit error rate (BER) of binary
phase shift keying (BPSK) and binary frequency shift
keying (BFSK), respectively. Similarly, for the SER of M-
PAM (a = 2(M —1)/M) and (b = 6log, M /M? — 1)
are used. Further, the SER of other modulation schemes
have approximate forms such as M-PSK (a = 2,b =
2sin? /M and M-ary quadrature amplitude modulation
(M-QAM) (a = 4,b = 3/(M — 1)). The results in this
study show that there is a close approximation for these
modulation schemes.

An accurate closed form expression for the average
SER approximation can be obtained by integrating P,¢px
over the CDF of the relaying SNR -, as follows:

pw /o

ASER—\ﬁ/ ( )exp<x2>da: Q1)

By using (8) and after some variable transformations,

and applying [18, eq.(6.619.3)], the exact closed form

expression of the relaying path can be calculated as shown

in (22), with the value of « and 3 given in (23) and (24)
1 m 1

a=—4+— 4 =
Qbo'}/srib b% d 2

(20)

(23)
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— rz—y+1 z—y+1
% (n+m) 2bom7sr, a 4 m I'(n42z—y+5/2)T(n+y+1/2) (22)
y Yrid V2bnt2e—y+2 2boYsr; Vr;d (a4pB)n+22—v+5/2T (n+x+2)

X oF) (n—|—2x—y+5/27x—y+3/2,n+x+2 a_5>

)

and

2 m
Sy —— 24
ﬂ b Qbo:ysri ’?rid ( )

Equation (22) provides a simple and efficient way of
evaluating the error rate performance of all modulation
schemes that have SER of form indicated in (20).

2) With MRC (direct and relaying path): A unified
MGF based approach which is an easy and efficient
method to evaluate the SER performance of wireless
systems, is given as:

b N

o My (95 ¥sa) H 'M'Yri (5 Vstis Vria) dO
=1
(25)

where the parameters a, b and g are determined by
the the specific modulation type used. For M-ary phase
shift keying (MPSK) and M-ary quadrature amplitude
modulation (MQAM) these values are given as:

Pasgr = a

. _ 1 _ M-1 — eim?
MPSK: a = g bPSK = T > g = sin ﬁ

MQAM:

_ 4 1 _1 _ _ 3

al—;(l——ﬂ>,bl—§791—m
2

_ 4 1 _ 1 _ _ 3

a2*;(]—_7/ﬂ) ,b2f1,92*m

IV. NUMERICAL AND SIMULATION RESULTS

This section presents the numerical and simulation
results of SER and the outage probability of a hybrid
satellite-terrestrial cooperative system under non-identical
fading channels. About 107 BPSK and QPSK symbols
are randomly generated for simulation in the Matlab. The
AWGN samples are complex Gaussian variables with zero
mean and variance Ny, while the three channel variables,
such as the shadowed Rician hg,,, hsq and Nakagami
hr,q are independently generated. The analytical results
are evaluated using the Mathematica program. The per-
formance curves of the direct path under the shadowed
Rician fading and the relaying path under shadowed
Rician and Nakagami-m fading with cooperative MRC
at destination are plotted in terms of outage probability
and SER versus the average SNR of the transmitted
signal. Since, the source transmits simultaneously to the
destination and to the relay nodes, the signal energy
through the links S — D and S — R is same. We
have assumed that the channel between the source and
the relay nodes has LOS communication (m, = 26)
and the channel between the relay and destination node
experience multipath fading. In this case we can allocate
equal power at both the source and relay nodes [6].
The targeted threshold rate R is chosen as 1 bit/sec/Hz
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TABLE 1.
LAND MOBILE SATELLITE CHANNEL PARAMETERS [16]

Channel state Mo bo Q
Frequent deep shadowing 2.56 | 0.0158 | 0.123
Moderate shadowing 7.64 | 0.0129 | 0.372
Infrequent light shadowing 26 0.005 0.515
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Figure 2. Outage probability versus the SNR performance of the

proposed system when the direct channel experience the deep fading,
me, = 2.56, S — R; channel have LOS, m, = 26, and the R; — D
channel experience Nakagami-m fading associated with m = 1,2, 3

to evaluate the outage probability of the system. The
numerical values of the LMSC are taken from [16], as
shown in Table. I. The LMSC parameter m,, in the direct
channel and relay channel shows the intensity of fading.
The m, values in Table. I decreases as the amount of
fading increases. We show the analytical results by the
colored curves while the simulation results are shown by
(x) mark on all the figures for comparison.

Firstly, the outage probability performance in relation
to the average SNR using different number of relay
nodes (N = 1,2) is determined. Fig. 2 compares the
performance of the hybrid satellite-terrestrial cooperative
system at multiple relay nodes in different and non-
identical fading channels. The LMSC parameter m, =
2.56 shows deep fading in the direct path while the path
between S — R; is under light fading (m, = 26). It
is observed from the figure that the outage probability
decreases as the number of relay nodes and m increase.
The figure further show that the system with cooperation
performs better than the system without any cooperation
in terms of outage probability. For example, at the outage
probability of 1073, the system with (N = 1,m = 1)
and (N = 2,m = 1) offers a gain of 19 dB and 26
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Figure 3. Outage probability versus the SNR performance of the

proposed system when the direct channel experience the moderate
fading, m, = 7.64, S — R; channel have LOS, m, = 26, and
the R; — D channel experience Nakagami-m fading associated with
m=1,2,3

dB over the system without cooperation. Similarly, the
system with (N = 2,m = 3) provides a gain of 3.5 dB
over the system with (N = 2, m = 2) at outage rate of
10~%. At m = 1 the channel between R; — D acts as
Rayleigh fading. Fig. 3 illustrates the outage curves when
the direct link of the destination with satellite suffers from
moderate fading. It is also observed that the theoretical
results agree quite well with the Monte Carlo simulations,
confirming the accuracy of the analysis.

Fig. 4 shows the SER performance of the hybrid
satellite-terrestrial system with and without cooperation
using the BPSK baseband modulation scheme when the
direct link is under deep fading at m, = 2.56. The figure
shows that the performance of the system gets better as the
Nakagami factor m increases and the slope of the curve
gets deeper. The system with N =2 and m =1, N =2
and m = 2, and N = 2 and m = 3, produces cooperation
gain of about 6 dB at the SER of 10~%, 7 dB at the SER
of 1075, and 5 dB at the SER of 10~° respectively, over
the system using single relay cooperative communication.

The case when the direct link is under moderate fading
at m, = 7.64 is presented in Fig. 5, where the system
with N=2and m=1, N=2and m =2, and N = 2
and m = 3, produce cooperation gain of about 4.5 dB,
3.6 dB , and 3 dB at 10~ respectively, over the system
using single relay cooperative communication.

Furthermore, Fig. 6 shows the SER performance of the
system that uses the QPSK baseband modulation scheme
when the direct link is under deep fading at m, =
2.56. The multiple relay satellite-terrestrial cooperative
communication system with N =2 and m =1, N = 2
and m = 2, and N = 2 and m = 3, produces cooperation
gain of about 5 dB at the SER of 1073, 4.5 dB at the SER
of 10—, and 4.3 dB at the SER of 10~° respectively, over
the system using single relay cooperative communication.
The case when the direct link is under moderate fading
at m, = 7.64 is presented in Fig. 7. The exact agreement
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Figure 4. Symbol error rate (SER) versus the SNR performance of
the proposed system using BPSK modulation scheme, when the direct
channel experience the deep fading, m, = 2.56, S — R,; channel
have LOS, m, = 26, and the R; — D channel experience Nakagami-
m fading associated with m = 1,2,3
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Figure 5. Symbol error rate (SER) versus the SNR performance of
the proposed system using BPSK modulation scheme, when the direct
channel experience the moderate fading, m, = 7.64, S — R; channel
have LOS, m, = 26, and the R; — D channel experience Nakagami-
m fading associated with m = 1,2,3

between the SER curves and the Monte Carlo simulation
results validates the computational accuracy of our anal-
ysis.

V. CONCLUSION

In this paper, a rigorous analysis is carried out to
derive the closed form expressions for the combined PDF,
CDF and the MGF of non-identical relaying channel with
bounded SNR. The results obtained are examined by eval-
uating the outage probability and the SER performances
under various scenario of multiple relay hybrid satellite-
terrestrial cooperative network using an AF protocol.

Using land mobile satellite channel statistical experi-
mental data of different fading conditions obtained from
literatures, the analyses of the study are verified using
the results of the numerical computations and simulation.
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Figure 6. Symbol error rate (SER) versus the SNR performance of
the proposed system using QPSK modulation scheme, when the direct
channel experience the deep fading, m, = 2.56, S — R,; channel
have LOS, m, = 26, and the R; — D channel experience Nakagami-
m fading associated with m = 1,2,3
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Figure 7. Symbol error rate (SER) versus the SNR performance of
the proposed system using QPSK modulation scheme, when the direct
channel experience the moderate fading, m, = 7.64, S — R; channel
have LOS, m, = 26, and the R; — D channel experience Nakagami-
m fading associated with m = 1,2,3

The results show that the multi-hop cooperative satellite-
terrestrial communication has a diversity of advantages.
The proposed system can provide a stable improved
performance of future 4G services even in covered areas.
The performance of the proposed system may also be
extended to the DF cooperative communication scenario.
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APPENDIX I
DERIVATION OF THE COMBINED PDF OF RELAY PATH
f%i (")

The combined PDF of two independent and non-
identical distributions is given in [12] as

oo 2
Sy (V) = / (zj’y)zf%” (ZV_ZV) fr, (2)dz (26)

After applying f%r,- and f%i , from (3) and (4) in the
above equation and carrying out some variable transfor-
mations, (26) can be written as

2b,m,

Fon1) = 5 (Y
" Yo \2byme + Q) T (m) \Fra
1 m /°° Z+7 m
X exp | — —+— ]
2b075ri Yrid 0 z

2
x zm1 exp [— (7 + mz)]
2b6%st;2 Yrid

2y(z +7)
F 05 1, — d
X (m 2boFst; (2bome + Q) 2 i

27)

Now substituting 1F7(-,-,-) with series expression by
using [18, eq.(9.14.1)], (27) can be written as

2b,m,

[ p— oL ()"
i T o A \2bome + ) T (m) \Fra

=1 I'(m, + )
_ w—>\a:
. ; 217 T(mo)T(1+a)

+a+1
></OO 2 Zzm1
0 z

2
X exp [— (7_ + fnz)] dz
2b075riz Yrid
Upon expanding the term (1 + %)m+z+1
[18, eq.(1.111)], we can reach

(28)
according to

£ () = 1 20,m, \7° 1 m m
i S A \2bomo + Q) T (m) \Fna

1 m <1
<o |~ (gt 55 ) 2

y T'(my + ) =
L(m,)T(1+2x)

m~+xz+1 fo%)
< D (m T 1) Yoy / Zmyl
y=0 0

Y
72 mz
xexp|—| =—+ — dz
2bo’75riz ’Y’I‘.Ld

Now with the help of [18, eq.(3.471.9)], the combined
PDF of f,, (7) can be shown as (5).

x

(29)

APPENDIX II
DERIVATION OF RELAY PATH CDF F,_(v)

The PDF of SNR per symbol of S — R; link is given
in (4) and the CDF of R; — D link for the integer values
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of m is given by

m—1 n
1
Vrid ’Ym n—0 n! Yrid
(30)

Then, the CDF of the relaying path can be calculated with
the help of (2) as

Ysr; Vrid
F, (y)=Pr(y, <) =Pr(llrd o
() = Pr(y, <7) <%m_+w v)

77% ’Y) ! Ysr; (Vsri) df}/sri

[
e

sty d sty
,7) f’Ysr (’Y ) s

- / Pr <77‘id Z m) f"/sr, (’sti) drysm
1ot Ysr; — Y )

L 2b, 0 ’”””Z*li m "
2b075ri 2bomo + 2 n! Yrid

n=0

oo
X / exp [— ( ’Ys,ri + = T s )]
v 2bo'75ri Vrid (’YSI'i - '7)
" ( Vs )”
Ysr; — Y

Ve,
£y (m,, i v
X 17 (m 2b07qu (QbOmO T Q) Ysr;

€19}

After integral substitution x = -y, — and applying [18,
€q.(9.14.1)] and [18, eq.(1.111)] we can reach

me m—1
1 Qbomo ’ 1
E =1- n!
Yri (7) 2bo’_Ysr,: (2bom0 + Q> 7;0 n!

() o[ (30
,Y’I“id 2bO’YSI‘i ’YTid

N~ L T(my+ k) Q 4§
— BT (mo)T(1+ k) \ 2657 (26610 + Q)

e} 2
X / exp [ < % + m)} 2" I dx
0 2b07sr; TYr;d
(32)

Now with the aid of [18, eq.(3.471.9)] and solving the
above integral, we can get the closed form CDF expres-
sion in (8).
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