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Abstract—In this paper, we study the performance of a downlink
hybrid satellite-terrestrial cooperative network. The decode-and-
forward scheme is used and a selection of the best relay terminal
is implemented. In this proposed system, a two time-slot scenario
is considered. The first time slot is used by the satellite for
broadcasting the information to the terrestrial relays and the
destination. In the second time slot, only the best relay which
provides the maximal received signal-to-noise (SNR) ratio at the
destination is selected for forwarding the information. 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 at the high SNR regime.

I. INTRODUCTION

The satellite communications are used to provide services over
a wide coverage area. However, this 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.
This is the main limitation of mobile satellite communica-
tion systems. To overcome this issue, the satellite diversity
techniques have been proposed in [1], [2]. The temporal and
spatial diversity as the blockage mitigation technique have
been studied in [1] while [2] proposed two solutions, the
automatic repeat request (ARQ) and packet forwarding.
Recently, a hybrid satellite-terrestrial cooperative network has
been proposed as it provides the coverage extension by using
terrestrial relays [3], [4]. The delay diversity technique for
hybrid satellite terrestrial DVB-SH system has been discussed
in [3]. Fixed gap-fillers are used to forward the satellite
signal. So, user terminals achieve time diversity by receiving
different delayed signals from both the satellite and the relay
stations. In [4], space-time codes and rate compatible turbo
codes have been implemented to achieve diversity gains and
additional coding gains. Another diversity technique is to use
a two time-slot scenario. The satellite signal is transmitted
first then the ground stations are relaying the satellite signal
by using amplify-and-forward (AF) or decode-and-forward
(DF) transmission scheme. Recently, a new hybrid satellite-
terrestrial cooperative scheme has been proposed in [5]. User
terminals help each other to relay the information. The concept
of this scenario is that 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 consumption
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 illustrated 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]. In
particular, the performance in terms of outage probability has
been studied for the case of the cooperative communication
systems [10], [11]. In [12], the outage and symbol error
probability of hybrid satellite-terrestrial cooperative network
operating in AF mode has been evaluated.
In this paper, we investigate the performance of a hybrid
satellite-terrestrial cooperative network with best relay se-
lection. The relay is operating in DF mode. The closed-
form expression of the outage probability is then evaluated
by using the land mobile satellite (LMS) channel derived in
[13]. 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 opportunistic selection decode
and forward (OPSDF) hybrid satellite-terrestrial cooperative
network. The simulation and numerical results are presented
in Section IV. The conclusion is finally drawn in Section V.

II. SYSTEM MODEL

The system model is represented in Fig. 1. The system consists
of one satellite source denoted by s, M terrestrial relays
denoted by r1, r2, ..., rM , and a destination denoted by d. We
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Fig. 1. Hybrid satellite-terrestrial system with 3 relays and one destination.

assume that each terminal is equipped with a single antenna
and is able to implement the cooperative functionality.
The set of M relays is divided into two subsets. The first
subset of relays gathers the terminals that failed to decode the
satellite message. This subset is denoted S1 with cardinality
k, i.e., |S1| = k, where 0 ≤ k ≤ M . The second subset
of relays gathers the terminals that succeed in decoding the
satellite message. This subset is denoted S2, with cardinality
|S2| = M − k.

A. Channel model

We denote the channel gain between the satellite and the
destination by hsd, the channel gain between the satellite and
the ith relay by hsri

, and the channel gain between the ith
relay and the destination by hrid. We assume that all channels
are independent and flat fading. The statistics of the channel
model are defined as follows.

• The satellite-destination link is modeled as the LMS
fading channel [13]. The probability density function
(PDF), fγsd

(γ) of the instantaneous received SNR per
symbol, γsd is given in [13] as

fγsd
(γ) =

Ω0

2b0γsd

(
2b0m0

2b0m0 + Ω0

)m0

exp
(
− Ω0γ

2b0γsd

)
× 1F1

(
m0, 1,

Ω2
0γ

2b0γsd(2b0m0 + Ω0)

)
, for γ > 0

(1)
where Ω0 is the average power of the LOS component,
2b0 is the average power of the multipath component,
and m0 is the Nakagami parameter ranging from 0 to
∞. When m0 = 0, the PDF of γsd becomes a Rayleigh
PDF and when m0 = ∞, it becomes a Rice PDF. The
ratio γsd = Ps

N0
σ2
sd is the average received SNR of the

s to d link with variance σ2
sd. Ps and N0 are the total

transmit power of the satellite source and the noise power
at the d side respectively. The function 1F1(a, b, z) is the

confluent hypergeometric function defined in [14] by

1F1(a, b, z) =
∞∑
n=0

a(n)

b(n)n!
zn

where x(n) = x(x+ 1)...(x+ n− 1).
• The satellite-relay link is modeled as the LMS fading

channel [13]. The PDF fγsr
(γ) of the instantaneous

received SNR per symbol, γsr is given in [13] as

fγsr
(γ) =

Ωr
2brγsr

(
2brmr

2brmr + Ωr

)mr

exp
(
− Ωrγ

2brγsr

)
× 1F1

(
mr, 1,

Ω2
rγ

2brγsr(2brmr + Ωr)

)
, for γ > 0

(2)
where Ωr is the average power of the LOS component,
2br is the average power of the multipath component,
and mr is the Nakagami parameter ranging from 0 to∞.
When mr = 0, the PDF of γsr becomes a Rayleigh PDF
and, when mr = ∞, it becomes a Rice PDF. The ratio
γsr = Ps

N0
σ2
sr is the average received SNR of the s to r

link with variance σ2
sr. Ps and N0 are the total transmit

power of the satellite source and the noise power at the
r side respectively.

• The relays-destination link is modeled as a Rayleigh
fading channel. The PDF fγrid

(γ) of the instantaneous
received SNR per symbol, γrid is defined in [15] as

fγrid
(γ) =

1
γrid

× exp
(
− γ

γrid

)
, for γ > 0 (3)

and the cumulative distribution function (CDF) is given
by

Fγrid
(γ) =

[
1− exp

(
− γ

γrid

)]
, for γ > 0 (4)

where γrid = Pri

N0
σ2
rid

is the average received SNR of the
ith relay to d link with variance σ2

rid
. Pri

and N0 are the
total transmit power of the ith relay and the noise power
at the d side respectively.

B. OPSDF transmission scheme

The transmission scheme is divided into two time slots. In the
first time slot, the satellite broadcasts its message to the M
terrestrial relays and the destination. The satellite message is
assumed to be successfully decoded when the received SNR,
γsri

at the relay terminal is higher than a threshold SNR. In
the second time slot, only one relay is selected from the subset
S2 for forwarding the information. Actually, the relay selection
takes place between the two time slots. 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.



III. OUTAGE ANALYSIS

In this section, we analyze the outage probability of the
OPSDF hybrid satellite-terrestrial cooperative network in the
high SNR regime. First, we evaluate the outage probability of
the direct link.

A. Outage probability of the direct link

The instantaneous mutual information Isd of the direct link is
given by

Isd =
1
2

log2

(
1 +

Ps
N0
|hsd|2

)
=

1
2

log2 (1 + γsd) (5)

The outage probability P outsd of the direct link is defined as

P outsd = Pr [Isd < R] = Pr
[
γsd < 22R − 1

]
= Pr [γsd < γth] = Fγsd

(γth)
(6)

where R denotes the target spectral efficiency (in bits/s/Hz),
γth = 22R− 1 and Fγsd

(γ) denotes the CDF of γsd. We have
that

Fγsd
(γ) =

∫ γ

0

fγsd
(τ)dτ (7)

For the high-SNR regime, exp(−x) ∼ (1 − x) as x → 0 for
γsd →∞. Using the table of integrals in [14], we obtain

Fγsd
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γ
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)
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where
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, B0 =
Ω2

0
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,

and
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n=0
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(n)
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(n)
p
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zn

is the general hypergeometric function defined in [14]. Hence,
using (8) in (9) the outage probability of the direct link is

P outsd = A0

(
γth
γsd

)
1F1

(
m0, 2, B0

γth
γsd

)
− A0Ω0

4b0

(
γth
γsd

)2

2F2

(
2,m0; 3, 1;B0

γth
γsd

) (9)

B. Outage probability of the OPSDF transmission scheme

As described in Section II-B, only one relay which provides
the maximal received SNR at the destination is selected for
forwarding the information. Hence, at the output of the MRC,
the instantaneous received SNR is given by

γOPSDF |k =

γsd + γrd|k, if 0 ≤ k < M

γsd, if k = M
(10)

where γrd|k = max{γr1d, γr2d, ..., γrM−kd}.

The instantaneous mutual information of the OPSDF transmis-
sion scheme for a given k value is defined by

IOPSDF |k =


1
2 log2

(
1 + γsd + γrd|k

)
, if 0 ≤ k < M

1
2 log2 (1 + γsd) , if k = M

(11)
So, the outage probability for a given k value is calculated as

P outOPSDF |k = Pr
[
IOPSDF |k < R

]
(12)

P outOPSDF |k =

Pr
[
γsd + γrd|k < γth

]
Pr [|S1| = k]

Pr [γsd < γth] Pr [|S1| = M ]
(13)

P outOPSDF |k =

FγOP SDF |k 6=M
(γth)Pr [|S1| = k]

FγOP SDF |k=M
(γth)Pr [|S1| = M ]

(14)

where Pr [|S1| = k] is the probability that k relays failed to
decode and Pr [|S1| = M ] is the probability that M relay failed
to decode. FγOP SDF |k(γ) is the CDF of γOPSDF |k.
The total outage probability of the OPSDF transmission
scheme, P outOPSDF is the summation of the P outOPSDF |k for all
the values of k from 0 to M .

P outOPSDF =
M∑
k=0

P outOPSDF |k (15)

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 γOPSDF |k is given as

fγOP SDF |k(γ) =


∫ +∞

−∞
fγrd|k(γ − τ)fγsd

(τ)dτ, if 0 ≤ k < M

fγsd
(γ), if k = M

(16)
After some mathematical manipulations, the CDF of
γOPSDF |k can be expressed as

FγOP SDF |k(γ) =


∫ γ

0

Fγrd|k(γ − τ)fγsd
(τ)dτ, if 0 ≤ k < M

Fγsd
(γ), if k = M

(17)
By applying the order statistic theory described in [16], the
CDF of γrd|k can be calculated as

Fγrd|k(γ) = FM−kγrd
(γ) =

[
1− exp

(
− γ

γrd

)]M−k
(18)

For the high-SNR regime, exp(−x) ∼ (1 − x) as x → 0 for
γsd and γrd → ∞. By using the table of integrals in [14],
FγOP SDF |k 6=M

(γ) can be expressed as equation (19). Let Psr
denote the probability of a decoding failure at the relay.

Psr = Pr [γsr < γth] = Fγsr
(γth)

= Ar

(
γth
γsr

)
1F1

(
mr, 2, Br

γth
γsr

)
− ArΩr

4br

(
γth
γsr

)2

2F2

(
2,mr; 3, 1;Br

γth
γsr

) (20)



FγOP SDF |k 6=M
(γ) =
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γ
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)(
γ
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)M−k
1F1
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where

Ar =
Ωr
2br

(
2brmr

2brmr + Ωr

)mr

, Br =
Ω2
r

2br(2brmr + Ωr)

The probability that k relays failed to decode is given as

Pr [|S1| = k] =
(
M

k

)
(1− Psr)M−kP ksr (21)

and the probability that M relays failed to decode is given as

Pr [|S1| = M ] = PMsr (22)

So, the total outage probability of OPSDF can be written as

P outOPSDF =
M∑
k=0

(
M

k

)
(1− Psr)M−kP ksrFγOP SDF |k(γth)

(23)

IV. SIMULATION RESULTS

In this section, we present the numerical results of the outage
probability of OPSDF hybrid satellite-terrestrial cooperative
network versus the average transmitted SNR, Ps

N0
. Simulation

curves (denoted by Sim) are compared to theoretical curves
(denoted by Theo). The numerical values for the LMS channel
are shown in Table I. First, we compare the analytical outage
probability and the simulated outage probability at the high
SNR regime. In order to see the diversity order we assume
that the transmitted signal power at the source and at the relay
are the same i,e. Ps

N0
= Pr

N0
. Figs. 2 and 3 plot the outage

probability of the OPSDF hybrid satellite-terrestrial coopera-
tive network for M = 1, 2, 3. In Fig. 2, the direct link and
the satellite-relay link both experience the deep shadowing. In
Fig. 3, the direct link experiences the deep shadowing while
the satellite-relay link experiences moderate shadowing. The
results show that the analytical outage probabilities and the
simulated ones are very close when the SNR is large. They
show that our analytical expressions provide good predictions
of the outage probability of OPSDF hybrid satellite-terrestrial
cooperative network at the high SNR regime.
In practice, transmitted signal power at the source and at
the relay are not the same. Figs. 4 and 5 plot the outage
probabilities of OPSDF cooperative hybrid satellite-terrestrial
system versus the average transmitted satellite SNR, Ps

N0
and

the average transmitted relay SNR, Pr

N0
is set to be constant,

15 dB. Fig. 4 shows that for the outage probability of 10−3,
the required Ps

N0
is 35 dB for the direct link, 24 dB for OPSDF

with single relay, and only 17 dB when there are two relays.
So, with cooperation, 11 dB of diversity gain is achieved when
using one relay.

TABLE I
LMS CHANNEL PARAMETERS [13]

Parameter
b m Ω

Deep Shadowing 0.0158 2.56 0.123

Moderate Shadowing 0.0129 7.64 0.372

Infrequent Light Shadowing 0.158 19.4 1.29
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Fig. 2. Outage probability versus transmitted SNR, Ps
N0

, when the direct
link (D) and the satellite-relay link both experience a deep shadowing,
m0 = mr = 2.56, the relay-destination link experience Rayleigh fading
with variance 0.25, Pr

N0
= Ps

N0
, and γth = 0 dB.

V. CONCLUSION

In this paper, the transmission scheme of a hybrid satellite-
terrestrial cooperative network with relay selection has been
presented. Only the best relay which provides the maximal
received SNR at the destination is selected for forwarding
the message. The performance in terms of outage probability
is evaluated. The results show that our analytical outage
probability matched well to the simulation results at the high
SNR regime.
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