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Abstract

In this study, we investigate the outage probability (OP) of a multiuser dual-hop satellite relaying system with
decode-and-forward (DF) protocol, where both uplink and downlink experience Shadowed Rician (SR) fading.
Specifically, by taking the effects of antenna pattern and path loss into account, we first establish a practical satellite
channel model and obtain the end-to-end signal-to-noise ratio (SNR) expression for the considered system, where the
uplink employs opportunistic scheduling (OS) scheme while the downlink adopts selection combining (SC) or
maximal ratio combining (MRC) approaches. Then, we derive the closed-form OP expressions for the dual-hop
satellite relaying with OS/SC and OS/MRC schemes, respectively. Furthermore, the asymptotic OP formulas at high
SNR are also developed to gain further insights conveniently. Finally, numerical results confirm the validity of the
theoretical formulas and reveal the representative parameters on the system performance.

Keywords: Dual-hop satellite relaying, Decode-and-forward, Outage probability, Selection combining, Maximal ratio
combining

1 Introduction
Satellite communication (SatCom) has the potential of
providing connectivity for fixed and mobile users espe-
cially in the areas where the terrestrial networks are chal-
lenging or infeasible to be deployed [1–4]. Meanwhile,
it has been shown that relay technology is able to offer
significant performance benefits, such as improving the
system throughput via spatial diversity, extending signal
coverage without consuming large transmitter power [5].
Therefore, the application of relay transmission in SatCom
has been an active research topic both in academia and
industry recently.

1.1 Previous works
In SatCom, the line-of-sight (LoS) link between the satel-
lite and the terrestrial user is prone to be blocked, which
makes the satellite services unavailable in some scenar-
ios, thus a novel network architecture termed as the
hybrid satellite-terrestrial network (HSTN), which utilizes
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the terrestrial relay to assist the satellite signal transmis-
sion, has received significant attention recently. Until now,
substantial effort has been devoted to investigating the
performance of HSTNs. For example, in [6] and [7], the
authors investigated the performance of a HSTN with
decode-and-forward (DF) protocol. The authors of [8]
addressed the performance analysis problem of amplify-
and-forward (AF)-based HSTN. Taking the interference
power constraints imposed by satellite communications
into account, the authors of [9] derived a closed-form
expression for the outage probability (OP) of a HSTN sys-
tem. In [10], a partial relay selection scheme was studied
in which satellite selects a relay earth station (ES) among
multiple relay ESs (situated on ground) on the basis of
maximum instantaneous signal-to-noise ratio (SNR) in
AF-based HSTN. Besides, the authors of [11] proposed a
robust relay beamforming (BF) scheme for a HSTN, where
a cognitive base station (BS) with multi-antenna is utilized
not only as a BS of a cellular network but also as a relay to
assist the satellite signal transmission. However, the main
drawback of the aforementioned works is that they only
consider the downlink transmission of satellite systems.
In a practical scenario, the satellite is often exploited as

a relay on the sky, which receives signals from a source
ES through uplink channel and forward them to the
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destination ES via downlink channel [12]. Consequently,
in order to measure the performance of a satellite sys-
tem more accurately, both uplink and downlink channels
should be taken into account. For this reason, the authors
of [13] derived the closed-form expressions of OP, ergodic
capacity (EC), and average symbol error rate (ASER) for
a dual-hop AF satellite relaying network. In [14] and
[15], the authors conducted performance evaluation of a
dual-hop AF system with satellite relaying. Although AF
relaying protocol is a simple scheme, which is commonly
employed in current bent-pipe satellite system, it is fore-
seeable that DF protocol will be widely utilized in the
future due to its advantage of better performance and the
rapid development of satellite on-board processing tech-
nology. In this content, the authors of [16] analyzed the
performance of a dual-hop DF satellite relaying system
over Shadowed Rician (SR) channels. However, it should
be pointed out that all of the aforementioned works focus
on the single-user scenario, which is not in line with
practical application, since SatCom often provides various
services to a large number of terrestrial users with high
quality of service (QoS). Under this situation, the authors
of [17] investigated the performance of a multiuser AF
HSTN with opportunistic scheduling (OS) scheme and
verified that the system performance can be improved via
the multiuser diversity. This work was later extended to
the case of imperfect channel state information (CSI) and
co-channel interference (CCI) in [18]. Besides, consider-
ing the interference at the terrestrial relay, the authors of
[19] studied a multi-antenna multiuser HSTN employing
OS with outdated CSI and AF relaying with CCI. Fur-
thermore, by making use of the complementary moment
generating function (MGF) method, an accurate analyt-
ical expression for the EC of a HSTN with AF protocol
was derived in [20], where the impacts of various sys-
tem parameters on EC were also revealed. Nevertheless,
to the best of our knowledge, the existing works conduct-
ing the performance of dual-hop satellite relaying system
with multiple users remain very limited, making it still an
open yet interesting research topic. These observations
motivate the work presented in this paper.

1.2 Methods and contributions
In this paper, we consider a dual-hop satellite relaying
network with multiple users, where both the uplinks and
downlinks follow the SR fading. By applying OS scheme
at the uplinks and selection combining (SC) or maxi-
mal ratio combining (MRC) schemes at the downlinks,
the equivalent end-to-end output SNR of the system
is first obtained, then analytical expressions of OP as
well as asymptotic results are derived to evaluate the
system performance. Finally, simulation results are pro-
vided to validate our theoretical formulas and show the
impact of various parameters on the system performance.

The detailed contributions of this paper are outlined as
follows:

• Considering the effects of antenna gain and path loss,
we extend the channel model in [13] and [16] to a
more practical one, and then obtain the end-to-end
SNR expression of the multiuser dual-hop satellite
relaying system with DF protocol, where the OS
scheme is used in the uplink, while the SC and MRC
schemes are used in the downlink, respectively.

• Assuming that both uplink and downlink experience
SR fading, we derive the OP expressions of the
multiuser dual-hop satellite relaying network with
OS/SC and OS/MRC schemes, respectively. This is
different from [13] and [16] focusing on the scenario
of signal user, which do not coincide with the
characteristics of SatCom, where a lot of terrestrial
users are often served so that its benefits of wide
coverage can be exploited.

• To gain further insights, we present the asymptotic
OP formulas at high SNR for the considered system,
which are utilized to reveal the diversity order and
coding gain of the satellite relaying system
conveniently. Thus, our work provides useful
guidelines for the engineers to implement satellite
system design.

The rest of the paper is organized as follows. Section 2
describes the system and channel model. Section 3 derives
the closed-form OP expressions for the considered sys-
tem with OS/SC and OS/MRC schemes, respectively.
Section 4 presents the asymptotic OP expressions of the
considered system. Moreover, based on these asymp-
totic OP expressions, the diversity order and coding gain
expressions are also given. The numerical results and anal-
yses are presented in Section 5, and the paper is concluded
in Section 6.
Notation: E[ ·] denotes the expectation, |·| the absolute

value, exp(·) the exponential function, and Nc
(
μ, σ 2) the

complexGaussiandistributionwithmeanμ and variance σ 2.

2 System and channel model
The systemmodel considered in this paper is illustrated in
Fig. 1, which consists ofN source ESs termed as source (S),
M destination ESs termed as destination (D) and a satel-
lite relaying (R). Similar to the existing works [13, 16], we
assume that both of the uplink (S-R) and downlink (R-D)
channels undergo SR fading, and the direct links between
the sources and the destinations are unavailable, due to the
heavy shadowing of the radio propagation. In addition, it
is assumed that S and D have a directional antenna, while
the satellite is equippedwith amultibeam antenna to serve
the multiple ESs. Similar to the previous works, such as
[3], we suppose that the satellite channels experience slow
fading and perfect CSIs of satellite links are available.1
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Fig. 1 System model of the multiuser dual-hop satellite relaying. The figure consists of N source ESs termed as source (S),M destination ESs termed
as destination (D) and a satellite relaying (R)

2.1 Channel model
As shown in Fig. 1, we suppose that all of the ESs are
within the coverage of satellite spot beam, and use gui and
gdj to denote the uplink channel response between the ith
ES and R and downlink channel response between R and
the jth ES, respectively. By taking the effects of practical
parameters, such as antenna beam pattern, path loss, and
channel fading into account, the satellite channel model of
uplink and downlink can be uniformly expressed as

gl = Flhl (1)

where the coefficient Fl is given by

Fl =
λ
√
Gs,lGu,l

4πdl
(2)

where λ denotes the wavelength, dl the distance between
the satellite and the lth user. Besides, Gs,l and Gu,l rep-
resent the satellite and terrestrial user antenna patterns,
respectively. According to [21], Gs,l can be written as

Gs,l = Gmax
s,l

(
J1(ul)
2ul

+ 36
J3(ul)
u3l

)2

(3)

where Gmax
s,l is the maximum satellite antenna gain, J1(x)

and J3(x) the first-kind Bessel function of order 1 and 3,
respectively, and ul = 2.07123sinφl

/
sinφ3 dB , where φl

denotes the angle between the lth ES and the beam center
with respect to the satellite, and φ3 dB the 3 dB angle of
the main beam. The normalized satellite antenna pattern
is illustrated in Fig. 2.

In (2), the array gain in dB, namely, Ĝu,l(θ ,ϕ) =
10log10

(
Gu,l(θ ,ϕ)

)
can be modeled as [22]

Ĝu,l(θ ,ϕ) = Gmax
u,l − min {Gh (ϕ) + Gv (θ) , SLL} . (4)

where Gmax
u,l is the maximum antenna gain of the lth ES

and Gh (ϕ) and Gv (θ) the radiation patterns in horizontal
and vertical angle directions, which are, respectively, given
by

Gh (ϕ) = min
{

12
(

ϕ

ϕ3 dB

)2
, SLL

}

,

Gv (θ) = min
{

12
(

θ − θtilt
θ3 dB

)2
, SLL

}

where ϕ3 dB and θ3 dB are the 3 dB beamwidth of the hor-
izontal and vertical patterns, respectively, θtilt the main
beam tilting angle, SLL the side-lobe level of the antenna
pattern.
In (1), hl denotes the channel fading, which is

often modeled as SR distribution described by hl =
hl exp

(
jψl

) + h̃l exp
(
jξl

)
[13, 16], where the LoS compo-

nent hl and the scattering component h̃l satisfy Nakagami-
m and Rayleigh fading distribution, respectively. ψl is the
deterministic phase of the LoS component and ξl the
static random phase vector satisfying the uniform distri-
bution among [0, 2π). Since the value of ψl does not affect
the envelope characteristics, we assume ψl = 0 to sim-
plify the notation.With this regard, the probability density
function (PDF) of

∣
∣hl

∣
∣2 is given by [23]

f∣∣hl
∣
∣2(x) = αl exp(−βlx)1F1(ml; 1; δlx) (5)
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Fig. 2 Normalized beam pattern with different 3 dB angles. This figure presents normalized beam pattern when the 3 dB angles are 0.4◦ , 0.6◦ , and
0.8◦ , respectively

where αl = 1
2bl

(
2blml

2blml+l

)ml
, βl = 1

2bl , δl = l
2bl(2blml+l)

,
with l being the average power of LoS component, 2bl
the average power of the multipath component, and ml
the Nakagami parameter ranging from 0 to ∞. Mean-
while, the function 1F1(a; b; z) is the confluent hypergeo-
metric function having the expression as [24]

1F1(a; b; z) =
∞∑

n=0

(a)nzn

(b)nn!

where (x)n = x(x + 1) . . . (x + n − 1).

2.2 Signal model
The total communication occurs in two time phases. Dur-
ing the first time phase, the ith S sends its signal x(t) with
E[ |x(t)|2]= 1 to R via the uplink channel gui . Then, the
received signal at R can be written as

ys,i(t) = √
Ps,igui x(t) + ni(t) (6)

where Ps,i denotes the transmitted power of the ith source,
ni the noise at R that is often modeled as additive white
Gaussian noise (AWGN) with zero mean and variance
σ 2 = κBT , namely, ni ∼ Nc

(
0, σ 2), where κ is the Boltz-

man constant, B the carrier bandwidth, and T the receiver
noise temperature. By using (1) into (6), the output SNR at
R can be expressed as

γs,i = γ̄s,i
∣
∣hui

∣
∣2 (7)

where γ̄s,i = Ps,iF2i
σ 2 is the average SNR of the ith S-R link

and hui the channel fading of the ith S-R link. Without loss

of generality, we assume that the S-R links have the same
average SNR, namely, γ̄s,i = γ̄s(i = 1, 2, . . .N). By adopt-
ing the OS scheme to select the user with the best channel
link at each scheduling time, so that multiuser diversity
can be achieved to improve the system performance, one
can obtain the output SNR at R as

γ1 = max
i=1,2...N

γs,i = γ̄s max
i=1,2...N

(∣∣hui
∣∣2
)

(8)

During the second time phase, since the DF relaying
protocol is used, R decodes its received signal ys,i(t) at
first. Then, the re-encoded signal is broadcasted to the
destination within coverage. By supposing that the trans-
mitted power at R is Pr,j, the received signal at the jth D
can be written as

zd,j(t) = √
Pr,jgdj x(t) + nj(t) (9)

Similarly, nj is AWGN satisfying nj ∼ CN
(
0, σ 2). As a

result, According to (1) and (9), the received SNR at the
jth D is given by

γd,j = γ̄d,j

∣
∣
∣hdj

∣
∣
∣
2

(10)

where γ̄d,j = Pr,jF2j
σ 2 is the average SNR of the jth R-D link

and hdj the channel fading of the jth R-D link. Similar to the
uplink, it is also supposed that γ̄d,j = γ̄d(j = 1, 2, . . .M). In
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this paper, we exploit two methods, namely, SC and MRC
schemes at D, yielding the final output SNR as

γ2 =

⎧
⎪⎨

⎪⎩

max
j=1,2,...,M

γd,j, for SC
M∑

j=1
γd,j, for MRC

(11)

Consequently, the end-to-end SNR of multiuser dual-hop
satellite relaying with DF protocol can be expressed as

γ = min(γ1, γ2) (12)

In the following section, we will derive the exact and
asymptotic OP expressions to evaluate the considered
satellite system, where the uplink exploits the OS scheme,
while the downlink utilizes the SC and MRC schemes,
respectively.

3 Performance analysis
Among all the performance measures, OP is one of the
most important criterions to measure the wireless com-
munication service quality [25, 26], which is defined as
the probability that the output SNR γ is below a certain
threshold x. Thus, following (12), the OP of the considered
system can be expressed as

Pout (x) = Pr[ γ < x]= Pr[min (γ1, γ2) < x]
= 1 − Pr[ γ1 ≥ x, γ2 ≥ x]
= 1−[ 1 − Fγ1 (x) ] [ 1 − Fγ2 (x) ] . (13)

where Fγ1 (x) and Fγ2 (x) denote the cumulative distribu-
tion function (CDF) of γ1 and γ2, respectively. Obviously,
the OP performance depends on the scheduling scheme,
which will be investigated in the following subsection.

3.1 OS/SC scheme
In order to obtain the closed-form OP expression of the
considered system with OS/SC scheme, we will derive the
analytical expressions of Fγ1 (x) and Fγ2 (x), respectively.
First of all, we focus on the closed-form expression of

Fγ1 (x). By considering that the OS scheme is adopted in
the uplink, the CDF of γ1 in (8) can be expressed as

Fγ1(x) = Pr[ γ1 ≤ x]= Pr[ max
i=1,2...N

(
γs,i

) ≤ x]

= Pr[ γs,1 ≤ x, . . . , γs,N ≤ x]=
N∏

i=1
Pr(γs,i ≤ x)

=
N∏

i=1
Fγs,i(x) (14)

In deriving (14), we have used the fact that hui (i =
1, 2, . . .N) is independent identically distributed (i.i.d.).
Meanwhile, by using (5) and (7), the PDF of γs,i can be
written as

fγs,i(x) = 1
γ̄s
f|hui |2

(
x
γ̄s

)

= αs
γ̄s

exp
(

−βsx
γ̄s

)

1F1
(
ms; 1;

δsx
γ̄s

)
(15)

After expanding exp(−x) with the Maclaurin series and
utilizing the equation (2.01.1) in [24], the CDF of γs,i can
be written as

Fγs,i(x) =
x∫

0

fγs,i (τ )dτ = Asx1F1(ms; 2;Bsx)

+
∞∑

k=1
(−1)k

Asxk+1

(k + 1)! (2bsγ̄s)k
2 (16)

F2(k + 1,ms; k + 2, 1;Bsx)

where

As = 1
2bsγ̄s

(
2bsms

2bsms + s

)ms

,Bs = s
2bsγ̄s (2bsms + s)

and 2F2(a1, a2; b1, b2; z) is the confluent hypergeometric
function, which is given by

2F2(a1, a2; b1, b2; z) =
∞∑

n=0

(a1)n(a2)n
(b1)n(b2)nn!

zn

By substituting (16) into (14), the CDF of γ1 can be
obtained as

Fγ1(x) =
[

Asx1F1(ms; 2;Bsx) +
∞∑

k=1
(−1)k

× Asxk+1

(k + 1)! (2bsγ̄s)k
2F2(k + 1,ms; k + 2, 1;Bsx)

]N

(17)

Next, when the SC scheme is used at D, only the ES with
the maximal output SNR is selected [27], namely,

γ2 = γ̄d max
j=1,2...M

(∣
∣∣hdj

∣
∣∣
2
)

(18)

In a similar manner, by considering that hdj (j =
1, 2, . . .M) satisfies the condition of i.i.d., the CDF of
Fγ2 (x) can be written as

Fγ2(x) =
[

Adx1F1(md; 2;Bdx) +
∞∑

k=1
(−1)k

× Adxk+1

(k + 1)! (2bdγ̄d)k
2F2(k+1,md; k+2, 1;Bdx)

]M

(19)

By substituting (17) and (19) into (13), the OP of
the dual-hop DF satellite relaying network with OS/SC
scheme can be obtained as



Wu et al. EURASIP Journal onWireless Communications and Networking        (2019) 2019:147 Page 6 of 12

PSCout(x) =1 −
{
1 − [Asx1F1(ms; 2;Bsx) + � (As,Bs, bs,ms, γ̄s, x)]N

}

×
{
1 − [

Adx1F1(md ; 2;Bdx) + �
(
Ad ,Bd , bd ,md , γ̄d , x

)]M}

(20)

where � (A,B, b,m, γ̄ , x) is given by

� (A,B, b,m, γ̄ , x) =
∞∑

k=1
(−1)k

Axk+1

(k + 1)! (2bγ̄ )k
2

F2(k + 1,m; k + 2, 1;Bx) (21)

3.2 OS/MRC scheme
Here, we focus on the OP of the considered system with
OS/MRC scheme. Since the CDF of γ1, namely, Fγ1(x), has
already been obtained as in (17), here we aim at the closed-
form expression of Fγ2(x) with the MRC scheme used in
the downlink. To this end, we first express the output SNR
as

γ2 = γ̄d

M∑

j=1

∣
∣
∣hdj

∣
∣
∣
2 �= γ̄dη (22)

where η =
M∑

j=1

∣
∣
∣hdj

∣
∣
∣
2
. According to [28], the MGF of

∣
∣
∣hdj

∣
∣
∣
2

can be written as

M∣∣
∣hdj

∣∣
∣
2 (s) = E∣∣

∣hdj
∣∣
∣
2

[

e−s
∣
∣∣hdj

∣
∣∣
2
]

=
∞∫

0

e−sxf∣∣
∣hdj

∣∣
∣
2 (x) dx (23)

By substituting (5) into (23) and employing the equations
(7.621.4) and (9.121.1) in [24], (23) can be expressed as

M∣
∣
∣hdj

∣
∣
∣
2 (s) = αd,j(

s + βd,j
) 1F1

(

mj, 1; 1;
δd,j(

s + βd,j
)

)

= αd,j

(
s + βd,j

)md,j−1

(
s + βd,j − δd,j

)md,j (24)

Considering that hdj
(
j = 1, 2, . . .M

)
is i.i.d., we can obtain

the MGF of η as

Mη (s) =
M∏

j=1
M∣∣

∣hdj
∣∣
∣
2 (s) = αd

M (s + βd)
M(md−1)

(s + βd − δd)
Mmd

(25)

Since md may be a decimal, the power M(md − 1) of the
numerator can be written as

M(md − 1) = c + ε (26)

where

c = max {0, �M (md − 1)�} , ε = N (md − 1) − c (27)

In (27), �z� means the largest integer that does not exceed
z. In a similar manner, the powerMmd of the denominator
can be expressed as

Mmd = d + ε (28)

where

d = max {M, �Mmd�} , ε = Mmd − d (29)

Consequently, the MGF of η in (25) can be rewritten as

Mη (s) = αd
M (s + βd)

c+ε

(s + βd − δd)
d+ε

= αd
M (s + βd)

c

(s + βd − δd)
d

(
1 + δd

s + βd − δd

)ε

= αd
M

c∑

l=0

(
c
l

)
βd

c−l sl

(s + βd − δd)
d

(
1 + δd

s + βd − δd

)ε

(30)

when βd 	 δd, then δd
s+βd−δd


 1, so we can get

(
1 + δd

s + βd − δd

)ε

≈ 1 + εδd
s + βd − δd

(31)

By substituting (31) into (30), it follows that

Mη (s) ≈ αM
d

c∑

l=0

(
c
l

)
βd

c−l

(
sl

(s + βd − δd)
d + εδdsl

(s + βd − δd)
d+1

)

(32)

With the help of the inverse Laplace transform of (32), the
PDF of γ2 can be obtained as

fγ2 (x) ≈ αM
d

c∑

l=0

(
c
l

)
βc−l
d (� (x, l, d, γ̄d)

+ εδ2� (x, l, d + 1, γ̄d)) (33)

where

� (x, l, d, γ̄d) = (βd − δd)
l−d
2

γ̄
(d−l)/2
d � (d − l)

x
l−d
2 −1e−

(βd−δd)x
γ̄d

× Md+l
2 , d−l−1

2

(
(βd − δd) x

γ̄d

)
(34)

In (34), Mλ,μ (z) represents the Whittaker function. Fur-
thermore, the CDF of γ2 is given by

Fγ2 (x) ≈ αM
d

c∑

l=0

(
c
l

)
βc−l
d (G (x, l, d, γ̄d)

+εδdG (x, l, d + 1, γ̄d)) (35)
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where

G (x, l, d, γ̄ ) =
x∫

0

� (τ , l, d, γ̄d)dτ

= (βd − δd)
l−d−1

2

γ̄
d−l−1

2
d � (d − l + 1)

x
d−l−1

2

× exp
(

−βd − δd
2γ̄d

x
)

Md+l−1
2 , d−l

2

(
βd − δd

γ̄d
x
)

(36)

By substituting (17) and (35) into (13), the OP of the
dual-hop DF satellite relaying network with OS/MRC
scheme can be expressed as

PMRC
out (x) ≈1 − {

1 − [Asx1F1(ms; 2;Bsx) + � (As,Bs, bs,ms, γ̄s, x)]N
}

×
{

1 − αM
d

c∑

l=0

(
c
l

)

βc−l
d [G (x, l, d, γ̄d) + εδdG (x, l, d + 1, γ̄d)]

}

(37)

Remark 1 By taking the effects of antenna pattern and
path loss into account, we have derived the closed-form
expressions of OP for the considered dual-hop satellite
relaying system with OS/SC and OS/MRC schemes, respec-
tively. Therefore, we extend the existing works in [13] and
[16] to a more practical scenario with multiple users.

4 Asymptotic OP at high SNR
Although (20) and (37) are exact and valid for any given
SNR, it is difficult to characterize the impact of key
parameters on the system performance. To this end, we
devote to investigating the asymptotic OP at high SNR to
gain further insight. According to (13), the asymptotic OP
of the considered system is given by

P∞
out (x) = 1 −

[
1 − F∞

γ1 (x)
] [

1 − F∞
γ2 (x)

]
(38)

In this section, by supposing that γ̄v → ∞ (v = s, d), we
will derive the asymptotic OP expressions for the consid-
ered system, where the OS scheme is used in the uplink,
while the SC and MRC schemes are used in the downlink,
respectively.

4.1 OS/SC scheme
When OS/SC scheme is employed, the asymptotic OP
behavior of the considered system is given by Theorem 1.

Theorem 1 The asymptotic OP at high SNR for the
system with OS/SC scheme can be expressed as

PSC,∞out (x) = 1 −
[

1 −
(

αs
γ̄s

x
)N

][

1 −
(

αd
γ̄d

x
)M

]

=
(

αs
γ̄s

x
)N

+
(

αd
γ̄d

x
)M

−
(

αs
γ̄s

x
)N(

αd
γ̄d

x
)M

+ O
(

1
γ̄Ns

)

=

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(
αs
γ̄s
x
)N + O

(
1

γ̄Ns

)
, N < M

(
αs
γ̄s
x
)M +

(
αd
γ̄d

x
)M + O

(
1

γ̄M
d

)
, N = M

(
αd
γ̄d

x
)M + O

(
1

γ̄M
d

)
, N > M

(39)

Proof See Appendix 1. According to [29, 30], the OP of
a wireless system at high SNR can be approximated as

p∞
out ≈ (

Gcγ̄
)−Gd + O

(
γ̄ −Gd

)
(40)

where Gc represents the coding gain and Gd the diversity
order, which is determined by the slope of the OP curve
against average SNR at high SNR in a log-log scale. By
comparing (39) with (40), the diversity order and coding
gain of the system applying OS/SC scheme are given by

Gd = min {N ,M}

Gc =

⎧
⎪⎨

⎪⎩

1
αsx , N < M
1

M√
αsM+αdMx

, N = M
1

αdx , N > M
(41)

4.2 OS/MRC scheme
As for the case of employingOS/MRC scheme, the asymp-
totic OP behavior of the considered system with OS/MRC
scheme can be evaluated by Theorem 2.

Theorem 2 The asymptotic OP at high SNR for the
considered system with the OS/MRC scheme is given by

PMRC,∞
out (x) =1−

[

1−
(
αs
γ̄s
xs
)N

][

1− αM
d

γ̄M
d � (M + 1)

xM
]

=
(

αs
γ̄s
x
)N

+ αM
d

� (M + 1)

(
x
γ̄d

)M
−

(
αs
γ̄s
x
)N

× αM
d

� (M + 1)

(
x
γ̄d

)M
+ O

(
1

γ̄N
s

)

=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(
αs
γ̄s
x
)N + O

(
1

γ̄Ns

)
, N < M

(
αs
γ̄s
x
)M + αMd

�(M+1)

(
x
γ̄d

)M + O
(

1
γ̄M
d

)
, N = M

αMd
�(M+1)

(
x
γ̄d

)M + O
(

1
γ̄M
d

)
, N > M

(42)

Proof See Appendix 2. Following the similar way, the
diversity order and coding gain of the multiuser dual-hop
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satellite relaying system applying OS/MRC scheme can be
expressed as

Gd = min {N ,M}

Gc =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1
αsx , N < M
1

M
√

αsM+ αdM
�(M+1) x

, N = M

M√�(M+1)
αdx , N > M

(43)

Remark 2 It is interesting to find that while the diver-
sity order does not depend on the scheme used at D, the
coding gain of the considered system with OS/MRC scheme
is greater than that with OS/SC scheme in the case of
N > M. Since the number of sources (e.g., mobile users)
is often more than that of destinations (e.g., gateway), our
results verify that it is better to exploit OS/MRC scheme in
a practical satellite system.

5 Results and dicussion
This section provides computer simulations to confirm
the validity of our analytical results and investigates the
impact of system parameters on the OP of the dual-hop
satellite relaying network with DF protocol. The sim-
ulation parameters used are listed in Table 1. In the
simulations, both uplink and downlink are subject to
SR fading, which can be different shadowing severities,
including the frequent heavy shadowing (FHS) {m, b,} ={
0.739, 0.063, 8.97 × 10−4} and average shadowing (AS)

{m, b,} = {10.1, 0.126, 0.835} [23]. In all the figures, it
is assumed that γ̄s = γ̄d = γ̄ , and the threshold equals
to 0 dB. In addition, the label (N ,M) denotes the number
of the sources and destinations, respectively, and all of the
Monte Carlo simulations are obtained by performing 106
channel realizations.
By assuming that both uplink and downlink undergo

FHS fading, we plot the exact and asymptotic OP versus
γ̄ with OS/SC and OS/MRC schemes in Figs. 3 and 4,
respectively. Theoretical results were obtained by truncat-
ing the infinite series of (20) and (37) to 20 terms, i.e.,
k = 20. Just as we expect, the analytical results match
well with Monte Carlo simulations, and the asymptotic
curves sharply approach the corresponding analytical

curves, verifying the effectiveness of the derived theoreti-
cal formulas.
Figure 5 illustrates the OP comparison between OS/SC

scheme and OS/MRC schemes. As we see, the perfor-
mance of OS/MRC scheme is better than that of OS/SC
scheme, but the OP slope at high SNR of the consider
system with downlink employing SC is similar with that
employing MRC scheme, indicating that the diversity
order only depends on the number of users. Furthermore,
it is interesting to find that for the case of user com-
binations being (N ,M) = (2, 3) and (N ,M) = (3, 2),
similar performance can be obtained whenOS/SC scheme
is used. However, when the relaying system employ
OS/MRC scheme, the performance of (N ,M) = (3, 2) is
better than that of (N ,M) = (2, 3). This is because the
worst link dominates the performance in this dual-hop
system.
Figure 6 shows the OP against γ̄ with (N ,M) = (3, 3),

where the S-R links experience FHS and AS, respectively.
For the purpose of fair comparison, we assume that all
R-D links follow FHS. Obviously, the OP of the consid-
ered system depends on the shadowing parameter of the
link, namely, the system performance decreases with the
increase of heavy shadowing, and vice versa.

6 Conclusions
In this paper, we have investigated the performance of
a dual-hop satellite relaying system with multiple users.
Specifically, based on a practical satellite channel, both the
analytical and asymptotic OP expressions for the satellite
relaying system with OS/SC and OS/MRC schemes have
been derived. Our study reveals that OS/SC scheme and
OS/MRC scheme have the same diversity gain and dif-
ferent coding gains, resulting in that the performance of
OS/MRC scheme outperforms that of OS/SC scheme in
the same condition. The validity of the theoretical analy-
sis has been confirmed by comparison with Monte Carlo
simulations. The obtained outage expressions and con-
clusions will provide valuable insight into the satellite
relaying network.

Endnote
1 It is assumed that these channels are quasi-static, and

channel information can be obtained by employing the
channel estimation method proposed in [31].

Table 1 Simulation parameters

Parameter Value Parameter Value

Satellite orbit GEO Boltzman constant κ 1.38 × 10−23

Frequency 2 GHz Noise bandwidth B 5 MHz

3 dB angle ϕ3 dB 0.8◦ Maximum ES antenna gain Gmax
u,l 5 dB

Maximum satellite antenna gain Gmax
s,l 48 dB Noise temperature T 300 K

By considering a more general case of multibeam satellite system, where many practical effects, such as satellite beam pattern and path loss, are taken into account, this
table gives the detailed simulation parameters
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(N,M)=(2,3)

(N,M)=(6,3)

(N,M)=(3,3)

            Analytical Results
            Monte Carlo Simulation
            Asymptotic Results

Fig. 3 Analytical and asymptotic OP with OS/SC scheme. This figure gives the exact and asymptotic OP versus γ̄ with OS/SC scheme when both
uplink and downlink undergo FHS fading. In addition, Monte Carlo simulations verify their correctness

Appendix 1
Proof of Theorem 1
Proof In order to obtain the asymptotic OP expression

with OS/SC scheme, we will derive the expressions of
F∞

γ1 (x) and F∞
γ2 (x) , respectively.

As for the derivation of F∞
γ1 (x), according to (14), we can

get

F∞
γ1 (x) =

N∏

i=1
F∞

γs,i(x) (44)

where F∞
γs,i(x) =

x∫

0
f∞
γs,i(τ )dτ . Using (15) yields

0 5 10 15 20
10-5

10-4

10-3

10-2

10-1

100

(N,M)=(3,3)

(N,M)=(2,3)

(N,M)=(6,3)

(N,M)=(6,4)

            Analytical Results
            Monte Carlo Simulation
            Asymptotic Results

Fig. 4 Analytical and asymptotic OP with OS/MRC scheme. This figure gives the exact and asymptotic OP versus γ̄ with OS/MRC scheme when both
uplink and downlink undergo FHS fading. In addition, Monte Carlo simulations verify their correctness
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              OS/SC   Scheme
             OS/MRC Scheme

Fig. 5 OP comparison between OS/SC and OS/MRC schemes. This figure illustrates the OP comparison between OS/SC and OS/MRC schemes with
different number of users

f∞
γs,i(x) = lim

γ̄s→∞
αs
γ̄s

exp
(

−βsx
γ̄s

)

1F1
(
ms; 1;

δsx
γ̄s

)
(45)

when x → 0, 1F1 (; ;) have the property 1F1 (a; b; x) → 1.
Besides, by applying the Maclaurin series representation

of the exponential function, i.e., e−x =
∞∑
n=0

(−1)n
n! xn, when

x → 0, we have e−x = 1 − x + O (x). Hence, in the
case of high SNR, i.e., γ̄s → ∞, we have δs

x
γ̄s

→ 0, then

1F1
(
ms; 1; δsx

γ̄s

)
→ 1 and e−

βsx
γ̄s = 1 − βsx

γ̄s
+ O

(
1
γ̄s

)
.

Substituting the above properties to (45), the asymptotic
PDF of γs,i at high SNR can be denoted as

0 2 4 6 8 10 12 14 16 18 20

10-4

10-3

10-2

10-1

100

FHS

AS

                Analytical Results(OS/SC)
                Analytical Results(OS/MRC)
                Monte Carlo Simulation

Fig. 6 OP against γ̄ in different fading scenarios. This figure shows the OP against γ̄ with (N,M) = (3, 3), where all R-D links follow FHS, while the
S-R links experience FHS and AS
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f∞
γs,i (x) = αs

γ̄s

[
1 − βsx

γ̄s
+ O

(
1
γ̄s

)]
(46)

where O (·) stands for higher order terms. Since the
asymptotic performance of f∞

γs,i (x) is determined by the
lowest order terms of γ̄s at high SNR, we can further
obtain

f∞
γs,i (x) = αs

γ̄s
+ O

(
1
γ̄s

)
(47)

Then, the CDF of γs at high SNR can be obtained as

F∞
γs,i (x) =

∫ x

0
f∞
γs,i (τ ) dτ =

∫ x

0

αs
γ̄s
dτ + O

(
1
γ̄s

)

= αs
γ̄s
x + O

(
1
γ̄s

)
(48)

By substituting (48) into (44), the CDF of γ1 at high SNR
can be obtained as

F∞
γ1 (x) =

[
αs
γ̄s
x + O

(
1
γ̄s

)]N
(49)

In a similar manner, the CDF of γ2 at high SNR can be
obtained as

F∞
γ2 (x) =

[
αd
γ̄d

x + O
(

1
γ̄d

)]M
(50)

By substituting (49) and (50) into (38), the asymptotic OP
of the dual-hop DF satellite relaying network with OS/SC
scheme can be obtained as in (39).

Appendix 2
Proof of Theorem 2
Proof Since the CDF of γ1 at high SNR, namely F∞

γ1 (x),
has already been obtained as (49), here we only focus on
F∞

γ2 (x) with OS/MRC scheme.
From (33), we can obtain

f∞
γ2 (x) = lim

γ̄d→∞ αM
d

c∑

l=0

(
c
l

)
βc−l
d (� (x, l, d, γ̄d)

+εδd� (x, l, d + 1, γ̄d)) (51)

when x → 0, 1F1 (; ;) have the property 1F1 (a; b; x) → 1.
Substituting the property to (51), the asymptotic PDF of
γ2 at high SNR can be denoted as

f∞
γ2 (x) = αM

d

c∑

l=0

(
c
l

)
βc−l
d

(
xd−l−1

γ̄ d−l
d � (d − l)

+ εδdxd−l

γ̄ d−l+1
d � (d − l + 1)

)

(52)

where O(·) stands for higher order terms. Since the
asymptotic performance of f∞

γ2 (x) is determined by the
lowest order terms of γ̄d at high SNR, we further obtain

f∞
γ2 (x) = αM

d
� (M)

xM−1

γ̄M
d

+ O
(

1
γ̄M
d

)

(53)

Then, the CDF of γ2 at high SNR can be obtained as

F∞
γ2 (x)=

∫ x

0
f∞
γ2 (τ ) dτ = αM

d
γ̄M
d � (M + 1)

xM+O
(

1
γ̄M
d

)

(54)

By substituting (49) and (54) into (38), the asymptotic
OP of the dual-hop DF satellite relaying network with
OS/MRC scheme can be obtained as in (42).
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