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Abstract—In this paper, we derive the exact outage probability
of a hybrid satellite-terrestrial cooperative system (HSTCS). A
selective decode-and-forward scheme is implemented between a
source node (the satellite) and a destination node (a terrestrial
station), and a selection of the best relay terminal is performed.
In this proposed system, a two time-slot scenario is considered.
During the first time slot, the satellite is broadcasting the
information to the terrestrial relays and the destination. In the
second time slot, only the best relay is transmitting toward
the destination node. Then, both signals are combined using
the maximum ratio combining (MRC) technique. The analytical
expression of the outage probability is evaluated and is then
verified with the simulation. The results show that our analytical
expression matched well to the simulation results.

I. INTRODUCTION

Satellite systems are used to provide services over a wide
coverage area. Their potential applications are in the field of
broadcasting, navigation, rescue and disaster relief. However,
the coverage area is limited by the masking effect caused by
obstacles that block the line of sight (LOS) link between the
satellite and a terrestrial user. The masking effect becomes
more severe in case of low satellite elevation angles or when
the user is indoor. To address this issue, the hybrid satellite-
terrestrial cooperative systems (HSTCSs) have been proposed
[1].

In an HSTCS, the mobile user can exploit the advantages
of spatial diversity by receiving signals from both satellite and
terrestrial components. Fixed or mobile gap-fillers are used to
relay the satellite signal by implementing amplify-and-forward
(AF) or decode-and-forward (DF) transmission schemes. Most
of satellite broadcasting systems have been implemented using
fixed gap-fillers. However, mobile gap-fillers are needed in
emergency cases when the fixed infrastructure is not available.
In emergency scenarios (e.g., fire, earthquake, flood and explo-
sion), the existing terrestrial infrastructure has been destroyed.
So, an HSTCS is appropriate for updating the information.
This allows the rescuers to operate efficiently and in a safe
way [2]. In particular, a fast and flexible implementation is
needed and this could be provided by deploying mobile gap
fillers (vehicle or mobile handheld).

Recently, several cooperative scenarios for HSTCSs have

been proposed. In [3], the delay diversity technique for a
hybrid satellite-terrestrial DVB-SH system has been studied. In
this scenario, the user stations receive different versions of the
same signal with different delays: one signal from the satellite
and other signals from terrestrial relays. No combiner has been
implemented. In [4], space-time codes and rate compatible
turbo codes have been implemented to achieve diversity gains
and additional coding gains. Recently, another HSTCS has
been proposed in [5]. The satellite broadcasts the information
to terrestrial users in the first time slot and in the second time
slot, non-masked terminals are used to relay the information
toward masked terminals.

Although the cooperative diversity techniques can increase
the system availability, the additional bandwidth is needed for
the relay transmission. To minimize the bandwidth consump-
tion while keeping the maximum diversity order, Bletsas et
al. [6] have proposed an opportunistic cooperative protocol in
which only one relay is used for forwarding the message to
the destination. Two criteria for selecting the best relay have
been studied. The first criterion is to choose the relay which
maximizes the minimum of the source-relay and the relay-
destination channel gain, while the second criterion is based
on the maximization of the harmonic mean of both channel
gains. It has been shown in [7] that the outage performance
of both selection techniques are the same in the high-SNR
regime. The bandwidth consumption can be further decreased
by implementing on-demand cooperation together with the
best relay selection [8].

The outage probability is an important performance measure
of communication systems operating over fading channels [9]
since it provides valuable insight into the design of commu-
nication systems. However, most of the previous articles on
HSTCSs have provided only the performance based on the
simulations [3], [4] and based on the numerical calculations
[10] for the case of AF transmission schemes. The exact
closed-form outage probability of HSTCSs has not been
derived yet.

In this paper, we investigate the performance in terms of
outage probability of an HSTCS with best relay selection.
The relay is operating in selective DF mode. The closed-
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Fig. 1. Hybrid satellite-terrestrial system with L relays and one destination.

form expression of the outage probability is then evaluated
using the land mobile satellite (LMS) channel derived in
[11]. The analytical results are confirmed using Monte Carlo
simulations. The rest of this paper is organized as follows. The
system model is discussed in Section II. In Section III, we
derived the outage probability of the HSTCS with best relay
selection. The simulation and numerical results are presented
in Section IV. The conclusion is finally drawn in Section V.

II. SYSTEM AND CHANNEL MODELS

The system model is represented in Fig. 1. The system
consists of one satellite source denoted by s, L terrestrial
relays denoted by ry, r2, ..., 1, and a destination denoted
by d. We assume that each terminal is equipped with a single
antenna and is able to implement the cooperative functionality.
The transmission is divided into two phases. In the first phase
(broadcasting phase), the satellite broadcasts its signal to the
set of L relay nodes and the destination node. We define
the decoding set C, with cardinality |C| < L, as the set
of relays that can decode the satellite message correctly, i.e.,
the relay node is said to belong to the decoding set provided
that the channel between the source and the relay node is
sufficiently good to allow for successful decoding. In the
second phase, only one relay is selected from the decoding set
C for forwarding the information. Actually, the relay selection
takes place between the two phases. The selection can be
achieved using the same approach as in [6]. The selected relay
is the one that provides the best link quality between a relay
and the destination. Then, both signals from the two phases
are combined using the MRC technique.

We denote the channel gain between the satellite and the
destination by hgg, the channel gain between the satellite and
the i*" relay by hs,., and the channel gain between the ‘"
relay and the destination by h,,s. We assume that the channels
are frequency-flat, independent, but not necessarily identically
distributed, fading channels. We also assume that the channel
state information (CSI) is perfectly known at the receiver and

not known at the transmitter. Furthermore, in our analysis,
we assume that the additive white Gaussian noise (AWGN)
terms of all links have zero mean and equal variance Ny. The
statistics of the channel models are defined as follows.

o The satellite-destination and the satellite-relays link are
modeled as LMS fading channels [11]. The probability
density function (PDF), f};,_,|2(y) of the power channel

gain, |hg,|?, is given in [11] for y > 0 as
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where the second subscript © = d and x = r; when we
deal with the satellite to the destination and the satellite
to the relay 7; channels respectively. The parameter
Qs is the average power of the LOS component, 2b,,
is the average power of the multipath component, and
Mgy is the Nakagami parameter ranging from 0 to oco.
When myg, = 0, the PDF of |hg,| becomes a Rayleigh
PDF and when mg, = oo, it becomes a Rice PDF.
The function 1 F (a; b; z) is the confluent hypergeometric
function defined in [12] by

1Fi(a;b;2) = Z ((Z))n %
n=0 \ /™ "
where (z), = z(x 4+ 1)...(x +n —1).

o The i'" relay-destination link is modeled as a Rayleigh
fading channel. The PDF, f,, ,2(y) of the power chan-
nel gain, |h,,q4|?, is defined in [13] as the exponential
distribution

1 Yy
= - fory>0 (2
Sine,ar2(W) ST eXP( 2bw> , for y > (2)

where 2D, 4 is the average power of the multipath com-
ponent of the i relay-destination link.
III. OUTAGE ANALYSIS

In this section, we analyze the outage probability of an
HSTCS. First, we evaluate the outage probability of the direct
link and then we evaluate the outage probability of the system
with best relay selection.

A. Outage probability of the direct link
The instantaneous received signal-to-noise ratio (SNR) of
the direct link at the receiver is given by
Vsd = |hsd|2 X Wsd (3)

where 7,; = E; /Ny, is the average transmit SNR per symbol
of the satellite-destination link. So, the PDF of ~44 can be

written as
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The instantaneous mutual information [, of the direct link is
given by

1 E
I, == - 2.
sd 9 NO |hsd| ) (5)

The outage probability P2* of the direct link is then defined
as

1
logy (1 +7sd) = 3 log, <1 +

Pt =Pr(lyq < R] = Pr [y, < 2% — 1]
=Pr[vsqa < ven| = Fy,,(Ven)

where R denotes the target spectral efficiency (in bits/s/Hz),
v = 22 —1 and F,_, (y) denotes the cumulative distribution
function (CDF) of ~s4. We have that

/ e ™

By using the Maclaurin series expansions of exp(—z) and the
table of integrals in [12], the CDF of ~,4 is obtained as in (8).
where

(6)
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is the general hypergeometric function defined in [12]. Hence,
the outage probability of the direct link is given as in (9).

B. Outage probability of the HSTCS with best relay selection

The instantaneous received SNR at the output of the MRC
is given as
VMRC = Vsd + MaX (Vrid) (10)
where C is the decoding set with cardinality |C| < L.
Actually, it will be difficult to find the PDF of vy rc given
in (10) because the decoding set C' is unknown. To treat this
problem we invoke the technique described in [14], where the
system in Fig. 1 can be considered as a communication system
consisting of L + 1 effective paths between the satellite and
the destination. Let path number O be the s to d direct link
and path ¢ be the s — r; — d relayed link where ¢ = 1, ..., L.
Let x; be the instantaneous received SNR of the relayed link
1 at the destination which takes into account both the s to r;
and the 7; to d link. Therefore, the PDF of y; is given by

I (y) =
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So, equation (10) is equivalent to (12)

VMRC = Vsd + Max (Xi) =sa +DF (12)
where

YDF = I}.l&X (Xz) .

The probability that the relay r; decodes incorrectly is the
outage probability, P°“t, of the satellite-relay r; link and the

sri ?

probability that the relay r; decodes correctly is (1 — P24t),

ST

This P;,f_t can be calculated by using the same approach as
in (9) and is given as in (13). where
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where %,. ; = E;, /Ny is the average transmit SNR per symbol
of the relay r;. Therefore, equation (11) can be written as, for
y =0,

out
) = PRI + g (o) 16
And the CDF of y; can be written as
Fy,(y) =1— (1= P3) exp(— ﬁ) (17)
The CDF of ypr can be computed as follow
Frow () = Pr | ma () <]
L L (18)
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By using the following property,
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the CDF of Apr can be rewritten as in (20).

It is well known that the PDF of the sum of two independent
random variables is the convolution product of these two
variables. Therefore, the PDF of vy, rc is given as

—+o0

f’?DF (y

T) fra(T)dT. 20

f’YMRC (y) =

After some mathematical manipulations, the CDF of vyy/ro
can be expressed as

Yy
F’Y}uRc(y):/ F’YDF(ZJ
0

By using the same approach as in (8), the CDF of vya/re,
F, . nc(y), can be obtained as equation (23). So, the outage
probability of the HSTCS with best relay selection is finally
given as in (24).

In the case of independent and identically distributed fading
channels, all relays are experiencing the same fading environ-
ment, i.e., Mgy, = Mgy, bsri = by, Qsm = Qsm brid = brq

T) froa (T)dT. (22)
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and 5, ; = 7,4 for all i € L. Then the outage probability,
P’?}»LftRc’ is reduced to (25).

Although the outage probability in (24) and (25) is ex-
pressed as an infinite sum of general hypergeometric functions,
it is convergent when the number of terms in the sum of the

second line of (24) and (25) is high enough, i.e., j > 1.

IV. SIMULATION RESULTS

In this section, we present the numerical results of the
outage probability of an HSTCS with best relay selection
versus the average transmit SNR, F; /Ny, for different number
of participating relays L = 0, 1,2, 3 (L = 0, corresponds to the
direct transmission only). The numerical values for the LMS
channel are shown in Table I and the relay-destination links

are Rayleigh fading channels. The target spectral efficiency R
is assumed to be 0.5 bits/s/Hz. In order to show the diversity
order, we assume that the average transmit SNR per symbol of
the satellite-destination link is equal to the one of the relays-
destination link (Es/Ny = E,, /Np). The figures illustrate that
our analytical results (for 7 = 20) show excellent agreement
with the simulation results for both independent non iden-
tically distributed fading channels (Fig. 2) and independent
identically distributed fading channels (Fig. 3).

Fig. 2 shows the outage probability of an HSTCS with best
relay selection when the direct link experiences the frequent
heavy shadowing. The first, the second and the third satellite-
relay links experience the average shadowing, the infrequent



TABLE I
LMS CHANNEL PARAMETERS [11]

Data set
b m Q
Frequent heavy shadowing | 0.063 | 0.739 | 8.97 x 10~4
Average shadowing 0.126 10.1 0.835
Infrequent light shadowing | 0.158 19.4 1.29

Outage Probability
>

#  Simulation
Analytical
L

0 5 10 15 20
EJN,, [dB]

Fig. 2. The outage probability of an HSTCS with best relay selection versus
the average transmit SNR, FEs/No, when the direct link experiences the
frequent heavy shadowing. The first, the second and the third satellite-relays
experience the average shadowing, the infrequent light shadowing and the
frequent heavy shadowing respectively while their terrestrial links experience
the Rayleigh fading with the average power channel gain equal to 0.5, 1 and
0.25 respectively.

light shadowing and the frequent heavy shadowing while its
terrestrial links experience the Rayleigh fading with the aver-
age power channel gain equal to 0.5, 1 and 0.25 respectively.
We observe from the figure that the 3-relay system curve
and the 2-relay system curve are superimposed in the low-
SNR regime. This is because of the strong fading of the third
relay link. We can observe in the figure that the one-relay
system provides a diversity gain of 10 dB at the outage rate
of 10! over the direct link while the 2-relay system provides
a diversity gain of 14 dB over the direct link at the same
outage rate.

Fig. 3 shows the outage probability of an HSTCS with
best relay selection when both direct link and satellite-relay
links experience the frequent heavy shadowed fading while
all terrestrial links are Rayleigh with average channel power
gain equal to unity. We can achieve approximately 5.5 dB of
diversity gain at the outage probability of 10~ when only
one relay is participating. In addition, this diversity gain does
increase to approximately 9 dB when L = 3.

V. CONCLUSION

In this paper, the closed-form expressions for the outage
probability of an HSTCS with best relay selection over in-
dependent but not necessarily identically distributed fading
channels have been derived. The results have shown that
a full diversity order of L + 1 can be obtained when the

Outage Probability

#  Simulation L=3
Analytical
10_4 i i i
0 5 10 15 20
EJ/N,, [dB]

Fig. 3. The outage probability of an HSTCS with best relay selection versus
the average transmit SNR, Es/No, when the direct link and the relay links
experience the frequent heavy shadowing.

number of participating relays is equal to L. Moreover, it
can be seen from the outage curves that simulation results
confirm analytical results. The obtained outage expressions
will provide valuable insight into the design of an HSTCS.
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