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Abstract In this paper, the ergodic channel capacity of the downlink is analyzed for a

hybrid satellite-terrestrial cooperative system, which consists of a satellite (the source), a

mobile terminal (the destination), and several gap fillers (the relays) located at the ground.

The links between the satellite and the relays and the link between the satellite and the

destination experience independent shadowed Rician fading, and the links between the

relays and the destination experience Rayleigh fading. The maximal ratio combining

technique is used at the destination to combine the direct signal received from the satellite

and the relayed signals from relays with different cooperative protocols, namely amplify-

and-forward (AF) and decode-and-forward (DF). The moment generating function (MGF)-

based approach is adopted to derive the closed-form expressions of the ergodic downlink

channel capacity of the hybrid satellite-terrestrial cooperative system. The numerical

results are compared with Monte Carlo simulations and numerical results calculated with

the existing analytical expressions. Comparison results show that the analytical expression

derived with the MGF-based approach can achieve a higher accuracy in the low signal-to-

noise ratio (SNR) regime for the single relay scenario, and significantly reduce the com-

putational complexity with a little loss of accuracy for multiple relays scenario. On the
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other hand, the ergodic downlink channel capacity of the hybrid satellite-terrestrial DF

cooperative system is generally higher than that of the AF cooperative system. Moreover,

the ergodic channel capacity of the hybrid satellite-terrestrial cooperative system decreases

as the number of participating relays increases, which can be overcome using the best relay

selection strategy. In addition, the ergodic downlink channel capacity of the hybrid

satellite-terrestrial cooperative system increases when the channel condition of the link

between the satellite and the relay goes better, and is larger than that of the no relay land

mobile satellite system when the transmitted SNR is below a certain value.

Keywords Hybrid satellite-terrestrial cooperative system � Ergodic channel

capacity � Moment generating function � Amplify-and-forward � Decode-and-forward

1 Introduction

Because of the vast coverage, satellite communication system has been widely used in

broadcasting, positioning, navigation, and so on [1]. Due to the mobility of user equipment,

some problems may occur for land mobile satellite systems. The channel between satellites

and users is not always line-of-sight any more. Multi-path and shadowing effects caused by

bad weather, trees, buildings, etc. become even more severe [2].

The hybrid satellite-terrestrial cooperative system is an effective solution to expand the

coverage of satellite when the channel condition is bad [1, 2]. It differs from the land

mobile satellite system by deploying the gap fillers on the ground. There are two kinds of

gap filling techniques, transparent gap filling and non-transparent gap filling. Transparent

gap fillers, as relay nodes in networks, are responsible for forwarding received signal to

users with amplify-and-forward (AF) or decode-and-forward (DF) protocol. Non-trans-

parent gap fillers are different in that the air interfaces of the original system may be

changed, and the radio resource management may be performed. Such case is also called

integrated satellite-terrestrial system [1]. In this paper, the hybrid satellite-terrestrial

cooperative system based on the transparent gap fillers and different forward protocols are

considered.

In the hybrid satellite-terrestrial cooperative system, relay technique is of great

importance. Diversity gain can be achieved through multiple paths, bringing higher data

rate and improving the reliability of the communication system. In [3], the system per-

formance of a hybrid satellite-terrestrial cooperative system, in terms of the outage

probability, is analytically evaluated, where the shadowed Rician distribution for the

satellite links and the Nakagami-m distribution for the terrestrial links are considered. The

impact of the shadowing conditions of both the satellite links and the terrestrial links on the

system performance is analyzed. And the impact of the satellite elevation angle on the

outage probability is also investigated. The system performance of the hybrid satellite-

terrestrial AF cooperative system and DF cooperative system, in terms of the symbol error

rate (SER), is analytically evaluated under different modulation schemes in [2, 4],

respectively. The results indicate that at the most second order diversity and full order

diversity can be obtained in the AF cooperative system and the DF cooperative system,

respectively. In addition, the closed-form expressions of the outage probability and SER of

the hybrid satellite-terrestrial AF cooperative system with multiple relay nodes are derived

in [5]. All the related works in [2–5] show that, compared with the land mobile satellite

3800 Y. Zhao et al.

123



system, the hybrid satellite-terrestrial cooperative system performs well in achieving a

higher reliability. In this paper, we will focus on the system performance of the hybrid

satellite-terrestrial cooperative system, in terms of the ergodic channel capacity.

In [6, 7], approximated closed-form expressions of the ergodic and outage capacity of

wireless relay systems under Rayleigh channels with the AF and DF protocols are derived.

Modi et al. [8] extended the results in [6, 7] to the case of Rician channel, and used a novel

approach to decrease the computational complexity, and guarantee the accuracy. However,

these closed-form expressions of the ergodic channel capacity are derived under terrestrial

fading channels. Up to now, few researchers have investigated the ergodic channel

capacity of the land mobile satellite system, which is not easy to calculate directly since the

channels are much more complex. Iqbal and Ahmed [9] analyzed the ergodic channel

capacity of the hybrid satellite-terrestrial AF cooperative system using the second-order

approximation of the Taylor expansion, and obtained the approximated closed-form

expression and an upper bound. However, the approach used in [9] has a high computa-

tional complexity. Hence, it is necessary to find other approaches with low computational

complexity and high accuracy to analyze the ergodic channel capacity of the hybrid

satellite-terrestrial cooperative system.

In this paper, we investigate the ergodic channel capacity of downlink in the hybrid

satellite-terrestrial cooperative system, where the fading of the satellite channel follows

shadowed Rician distribution [10] and the fading of the terrestrial channel follows Ray-

leigh distribution. The shadowed Rician model is an alternative to the well-known Loo’s

model [11], where the log-normal distribution in Loo’s model is replaced by Nakagami-

m distribution. It has been shown that the model agrees with the experimental data well and

offers significant advantages in theoretical and numerical analysis. Based on such model,

the theoretical expressions of the ergodic downlink channel capacity of the hybrid satellite-

terrestrial cooperative system with AF and DF relay protocols are derived using the

moment generating function (MGF) approach. The main contribution of this work is that

the closed-form expressions of ergodic downlink channel capacity are derived in hybrid

satellite-terrestrial cooperative system. The numerical results calculated with the analytical

expressions derived in this work are compared with the simulation results and the

numerical results in [9] over a wide range of the transmitted signal-to-noise ratio (SNR).

Furthermore, system performance with AF and DF cooperative protocols is analyzed. For

the hybrid satellite-terrestrial cooperative system with multiple relay nodes, the relay

selection strategy is addressed.

The remainder of this paper is organized as follows. Section 2 introduces the system

model and channel model of the hybrid satellite-terrestrial cooperative system with AF and

DF cooperative protocols. In Sect. 3, the MGF-based analysis approach is presented and

the closed-form expressions of ergodic channel capacity are derived. Numerical and

simulation results are given in Sect. 4. We conclude the paper in Sect. 5.

2 System Model

We consider a hybrid satellite-terrestrial cooperative system, as shown in Fig. 1, consisting

of a satellite as a source node (node S), a mobile user as a destination node (node D) and an

arbitrary number (say N) of gap fillers as relay nodes (nodes R1, R2,…, RN). It is assumed

that each node is equipped with a single antenna. In a real system scenario, the satellite will
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communicate with several mobile users on the land. However, the system model is still

reasonable when multiple access schemes are adopted.

The communication from node S to node D is accomplished in two phases as shown in

Fig. 1. In the phase I, node S broadcasts a signal to node D and all relay nodes. In the phase

II, N relay nodes forward their signals to node S in order after simply amplified or

successfully decoded, while node S keeps silent. Receiving different copies of one signal in

two phases, node D combines them using the maximal ratio combining (MRC) technique.

Generally the length ratio of phase I and phase II is 1/N, as depicted in Fig. 2. Thus, it

needs 1 ? N time slots to complete transmitting a frame from node S to node D.

It is also assumed that no information is exchanged among the relay nodes which

operate in a time division duplex (TDD) mode, and the signals transmitted by node S and R

are perfectly synchronized at node D.

Independent fading links exist between the satellite, the relay nodes and the destination.

It is assumed that the link from node S to node D (S ? D) and the link from node S to

node Ri (S ? Ri) experience shadowed Rician fading, and the link from node Ri, i = 1,

2,…, N, to node D (Ri ? D) experiences the Rayleigh fading.

The hybrid satellite-terrestrial cooperative system is scalable from the single relay case.

Without loss of generality, the number of relay equals to 1 in the following analysis and the

corresponding results of multiple relays case will be only given as conclusions.
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Fig. 1 The model of a hybrid
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Fig. 2 The TDMA frame structure
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2.1 With Amplify-and-Forward (AF) Cooperative Protocol

With AF cooperative protocol, the signal received by node R is forwarded to node D after

simply amplified in the phase II.

The signals received in nodes R and D, yR and yD, are

yR ¼ hSRe
jhSRxþ nR ð1Þ

and

yD ¼ hSDe
jhSDxþ GhRDe

jhRDyR þ nD ð2Þ

respectively. Where x is the signal transmitted by node S. hSR and hSR denote the mag-

nitude response and the phase response of S ? R, hSD and hSD denote the magnitude

response and the phase response of S ? D, hRD and hRD denote the magnitude response

and the phase response of R ? D. nD and nR are independent additive white Gaussian

noise with zero mean and variance ND and NR at nodes D and R, respectively,

nD �Nð0;NDÞ, and nR �Nð0;NRÞ. G denotes the gain factor of the AF cooperative

protocol. If the channel state information (CSI) is available at node R, G ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PR

�

ðh2SRPS þ NRÞ
q

[12], where PS and PR are the transmitted power at nodes S and R,

respectively.

Based on (1) and (2), the total received SNR, c can be derived with MRC as

cAF ¼ cSDþcR ¼ cSD þ cSRcRD
cSR þ cRD þ 1

ð3Þ

where cSD, cRD and cRD denote the instantaneous SNR of S ? D, R ? D and S ? R,

respectively. cSD ¼ h2SDPS

�

ND, cRD ¼ h2RDPR

�

ND, and cSR ¼ h2SRPS

�

NR.

For the hybrid satellite-terrestrial cooperative system with N relays, cAF can be repre-

sented as

cAF ¼ cSD þ
X

N

i¼1

cSRi
cRiD

cSRi
þ cRiD

þ 1
ð4Þ

Since hSR and hSD follow the shadowed Rician distribution, the probability density

functions (PDF) of hSR and hSD are [10]

pðxÞ ¼ 2bm

2bmþ X

� �m
x

b
exp � x2

2b

� �

1F1 m; 1;
Xx2

2bð2bmþ XÞ

� �

ð5Þ

where 1F1(a, b, z) is the confluent hyper-geometric function with parameters (a, b, z). m is

the Nakagami multipath fading parameter. X is the average power of the line-of-sight

component and 2b is the average power of the multipath component.

According to (5), the PDF of cSD and cSR can be represented as

pcSDðxÞ ¼
1

2bSD�cSD

2bSDmSD

2bSDmSD þ XSD

� �mSD

� exp
�x

2bSD�cSD

� �

1F1 mSD; 1;
XSDx

2bSD�cSDð2bSDmSD þ XSDÞ

� � ð6Þ
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and

pcSRðxÞ ¼
1

2bSR�cSR

2bSRmSR

2bSRmSR þ XSR

� �mSR

exp
�x

2bSR�cSR

� �

1

� F1 mSR; 1;
XSRx

2bSR�cSRð2bSRmSR þ XSRÞ

� � ð7Þ

where �cSD and �cSR denote the average transmitted SNR of S ? D and S ? R, respec-

tively. If PS is constant, �cSD ¼ PS=ND.

Similarly, the PDF of cRD can be represented as

pcRDðxÞ ¼
1

2bRD�cRD
exp

�x

2bRD�cRD

� �

ð8Þ

where �cRD denotes the average transmitted SNR of R ? D, and bRD is a parameter of

Rayleigh fading.

2.2 With Decode-and-Forward (DF) Cooperative Protocol

With the DF cooperative protocol, the relay node transmits received signal to node D in the

phase II only when the received signal can be successfully decoded. For simplicity, a

threshold, cth, is introduced to determine whether the decoding is successful or not by

comparing cSR with cth [6]. Since cSR is a random variable, any change of cth will affect the
probability of successful decoding. Generally, Rth ¼ 1

2
logð1þ cthÞ, where Rth is the pre-

determined requirement of the transmission efficiency. Hence, cth ¼ 22Rth�1.

The signals received by nodes R and D, yR and yD, are

yR ¼ hSRe
jhSRxþ nR ð9Þ

and

yD ¼ hSDe
jhSDxþ nD; cSR\cth

hSDe
jhSDxþ hRDe

jhRDxþ nD; cSR � cth

�

ð10Þ

respectively. Where, PR = PS.

The total received SNR at node D is

cDF ¼ cSD; cSR\cth
cSD þ cRD; cSR � cth

�

ð11Þ

For the hybrid satellite-terrestrial cooperative system with N relays, the total received

SNR at node D is

cDF ¼
cSD; C ¼ £

cSD þ
P

Ri2C
cRiD

; C 6¼ £

(

ð12Þ

where C is the set of relay nodes decoding the received signal successfully and transmitting

signals in the phase II.
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3 Ergodic Channel Capacity Analysis

Assuming that the CSI is available at the receiver and PS is constant, the ergodic channel

capacity of the system with one relay node is given as [13]

�C

B
¼ 1

2 ln 2

Z 1

0

lnð1þ xÞpcðxÞdx ð13Þ

where �C is the ergodic channel capacity and B is the channel bandwidth.

After substituting (6), (7) and (8), pc(x) can be calculated with (4) and (12) for the AF

cooperative protocol and the DF cooperative protocol, respectively. However, it is difficult

to calculate (13) directly due to an integral of pc(x) derived by convolution of hypergeo-

metric functions, which leads to high computation burden and inaccurate results in

numerical calculation. Due to the high computational complexity for calculating (13), it

imposes a practical limit in applying (13) directly at least when few efficient numerical

methods are available. Hence, it is necessary to find a low computational complexity

method, as well as guarantee the high calculation precision.

The moment generating function (MGF), an approach to describe the distribution

property of a random variable, can reduce the computation burden when dealing with

complex probability distributions. Hence, we adopt the MGF-based approach to resolve the

problem of the computational complexity in this work.

The MGF of c is defined as /ðsÞ ¼
R1
0

e�sxpcðxÞdx , x[ 0. Hence, with (5), (6) and (7),

the MGF of cRD, cSD and cSR can be derived as

/cRD
ðsÞ ¼ 1

1þ 2bRDs�cRD
ð14Þ

/cSD
ðsÞ ¼ ð2bSDmSDÞmSDð2bSDs�cSD þ 1ÞmSD�1

½ð2bSDmSD þ XSDÞð2bSDs�cSD þ 1Þ � XSD�mSD
ð15Þ

and

/cSR
ðsÞ ¼ ð2bSRmSRÞmSRð2bSRs�cSR þ 1ÞmSR�1

½ð2bSRmSR þ XSRÞð2bSRs�cSR þ 1Þ � XSR�mSR
ð16Þ

respectively.

According to the definition of MGF, (13) can be rewritten as [14]

�C

B
¼ 1

2 ln 2

Z 1

0

e�s

s
½1� /ðsÞ�ds ð17Þ

3.1 With AF Cooperative Protocol

As we know, for the MGF, /C(s) = /A(s)/B(s) if C = A?B, A and B are independent

random variables.

For the hybrid satellite-terrestrial system with single relay and AF cooperative protocol,

according to (3), /cðsÞ ¼ /cSD
ðsÞ/cR

ðsÞ, where /cR
ðsÞ ¼ E½e�cRs� and cR ¼ cSRcRD

cSRþcRDþ1
.

Although /cR
ðsÞ is not easy to calculate, it is fortunate that the approximate solution to

/cR
ðsÞ can be easily derived with same approaches in [8, Eq. (11)] and [15, Eq. (8)] which

have been proved feasible in performance analysis. Hence, when cR ¼ cSRcRD
cSRþcRDþ1

,
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/cR
ðsÞ � /cSR

ðsÞ þ /cRD
ðsÞ � /cSR

ðsÞ/cRD
ðsÞ ð18Þ

Substituting (18) into (17), the ergodic downlink channel capacity of the hybrid satel-

lite-terrestrial AF cooperative system with single relay is

�C

BAF
� 1

2 ln 2

Z

1

0

e�s

s
1� /cSD

ðsÞ /cSR
ðsÞ þ /cRD

ðsÞ
hn

�/cSR
ðsÞ/cRD

ðsÞ
io

ds ð19Þ

From (19), �C
BAF is derivable as long as the MGFs of the links, /cSD

ðsÞ, /cSR
ðsÞ and

/cRD
ðsÞ, are known. The conclusion in (19) can extend to other similar relay systems where

different channel fading is assumed.

For the ergodic downlink channel capacity of the hybrid satellite-terrestrial AF coop-

erative system with multiple relays, the ergodic downlink channel capacity is

�C

BAF
� 1

ð1þ NÞ ln 2

Z

1

0

e�s

s
1� /cSD

ðsÞ
Y

N

i¼1

/cSRi
ðsÞ þ /cRiD

ðsÞ
�

"(

�/cSRi
ðsÞ/cRiD

ðsÞ
!#)

ds

ð20Þ

Note that, (20) is an approximated expression and the accuracy is greatly influenced by

N. The accuracy of (20) will be numerically analyzed further in Sect. 4.

3.2 With DF Cooperative Protocol

According to (11) and (13), the ergodic downlink channel capacity of the hybrid satellite-

terrestrial DF cooperative system with single relay is

�C

BDF
¼ qE

1

2
log2ð1þ cSDþcRDÞ

� 	

þ ð1� qÞE 1

2
log2ð1þ cSDÞ

� 	

ð21Þ

where q, the probability of successful decoding, can be calculated using the MGF-based

approach with a given cth as

q ¼ 1� L�1
/cSR

ðsÞ
s

� �

cSR¼cth





 ð22Þ

where L-1(�) is the inverse Laplace transform. There are many numerical techniques to

calculate (22) efficiently in [16].

Substituting (22) into (21), the ergodic downlink channel capacity of the hybrid satel-

lite-terrestrial DF cooperative system with single relay can also be derived using (17)

�C

BDF
¼ 1

2 ln 2
q

Z 1

0

e�s

s
½1� /cSD

ðsÞ � /cRD
ðsÞ�ds

�

þ ð1� qÞ
Z 1

0

e�s

s
½1� /cSD

ðsÞ�ds
�

ð23Þ

For the ergodic downlink channel capacity of the hybrid satellite-terrestrial DF coop-

erative system with multiple relays, it is assumed that {hSRi|i = 1,2,…,N} are Independent

Identically Distributed (i.i.d.) variables. That is, /cSRi
ðsÞ ¼ /cSR

ðsÞ, i = 1,2,…,N, and the

probability of successfully decoding at each relay node is identical. Then, the ergodic
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downlink channel capacity of the hybrid satellite-terrestrial DF cooperative system with N

relays is derived as

�C

BDF
¼
X

N

i¼0

N

i

� �

ð1� qÞN�i
qiE

1

ð1þ NÞ log2ð1þ cSD þ
X

i

j¼0

cRjDÞ
" #( )

¼ 1

ð1þ NÞ ln 2
X

N

i¼0

N

i

� �

ð1� qÞN�i
qi

�
Z 1

0

e�s

s
½1� /cSD

ðsÞ �
Y

i

j¼0

/cRiD
ðsÞ�ds

) ð24Þ

4 Numerical and Simulation Results

In this section, we give the numerical and simulation results of the ergodic downlink

channel capacity of the hybrid satellite-terrestrial cooperative system.

The fading property of shadowed Rician channel can be described by (m, b, X). Three
different channel conditions are listed in Table 1 [10].

For performance evaluation, the channel conditions in the hybrid satellite-terrestrial

cooperative system are assumed as follows:

1. It is assumed that S ? D is always frequent heavy shadowing (FHS). This assumption

is reasonable in reality; otherwise, the deployment of node R will be of little

significance.

2. For multiple relays, all of three channel conditions listed in Table I are considered for

S ? Ri with identical parameters of hSR1
; hSR2

; . . .; hSRN
f g based on the assumption in

Sect. 2.

3. The transmitted power of the satellite and gap filler has a great impact on the channel

capacity and should be chosen carefully. It is assumed that PRi = PR = PS, and thus

�cRiD
¼ �cRD ¼ �cSD, i = 1,2,…,N [2]. When PS and PR are constant, the transmitted

SNR and the average SNR of one link are identical. With this assumption, the analysis

will be simplified when we analyze the impact of �cSRi
on the system performance.

We first compare the numerical results of the ergodic downlink channel capacity cal-

culated with the closed-form expressions derived in this work with the numerical results in

[9] and the simulation results for the hybrid satellite-terrestrial AF cooperative system, as

listed in Table 2.

From Table 2, the precision of the numerical results calculated with the analytical

expression in this paper is higher than that in [9] in the low-SNR regime. As the number of

relays increases, the precision of the numerical results in [9] gets better lightly, while the

precision of the numerical results calculated with the analytical expression in this paper

gets worse slightly. However, the difference between the numerical results calculated with

the analytical expression in this paper and the numerical results in [9] is acceptable in the

high-SNR regime. In addition, the numerical results agree with the simulation results well

Table 1 Parameters of shad-
owed Rician channel

Channel condition b m X

Infrequent light shadowing (ILS) 0.158 19.4 1.29

Average shadowing (AS) 0.126 10.1 0.835

Frequent heavy shadowing (FHS) 0.063 0.739 8.97 9 10-4
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in most cases, which indicates that the approximate approach used in our analysis is

reasonable, and the performance analysis is accurate.

On the other hand, for the analytical expression derived using the MGF-based approach

in this paper, only an integral of a simple function is needed to calculate the ergodic

downlink channel capacity. However, since the analytical expression derived using the

second-order approximation of the Taylor expansion in [9] include infinite terms of Gauss

hypergeometric functions with nested summations, it tends to be computationally inten-

sive. The computational complexity depends on the numerical methods used. For example,

when evaluating the hypergeometric function iteratively [17] and adopting various clas-

sical Gauss quadrature rules respectively, the number of the iterations for the analytical

expression in [9] is at least at the scale of 104, while the analytical expression in this paper

only requires less than 200 iterations. In addition, in this paper, it is assumed that all the

relay nodes are ‘‘identical’’ in statistics. However, in a general scenario where relay nodes

Table 2 Ergodic downlink channel capacity comparison of different numerical and simulation results with
different channel parameters

�cSD (dB) 0 10 20 30

N = 1 ILS Simulation results 0.3388 1.4466 3.0060 4.6548

Numerical results in this work 0.3343 1.4310 2.9867 4.6351

Numerical results in [9] 0.3928 1.4693 3.0280 4.6778

AS Simulation results 0.2856 1.3262 2.8675 4.5140

Numerical results in this work 0.2817 1.3102 2.8468 4.4926

Numerical results in [9] 0.3386 1.3490 2.8878 4.5352

FHS Simulation results 0.1203 0.7616 2.1148 3.7294

Numerical results in this work 0.1192 0.7511 2.0964 3.7096

Numerical results in [9] 0.1414 0.7700 2.1226 3.7427

N = 2 ILS Simulation results 0.3561 1.2567 2.3385 3.4432

Numerical results in this work 0.3316 1.1937 2.2672 3.3709

Numerical results in [9] 0.3954 1.2298 2.2972 3.4003

AS Simulation results 0.2995 1.1593 2.2346 3.3386

Numerical results in this work 0.2798 1.0997 2.1652 3.2681

Numerical results in [9] 0.3382 1.1346 2.1939 3.2961

FHS Simulation results 0.1046 0.6381 1.6141 2.7052

Numerical results in this work 0.1021 0.6172 1.5812 2.6705

Numerical results in [9] 0.1289 0.6301 1.5825 2.6707

N = 3 ILS Simulation results 0.3453 1.0806 1.9020 2.7316

Numerical results in this work 0.3075 0.9975 1.8107 2.6394

Numerical results in [9] 0.3727 1.0444 1.8536 2.6819

AS Simulation results 0.2917 1.0017 1.8203 2.6496

Numerical results in this work 0.2617 0.9245 1.7333 2.5615

Numerical results in [9] 0.3221 0.9684 1.7731 2.6009

FHS Simulation results 0.0959 0.5563 1.3179 2.1410

Numerical results in this work 0.0922 0.5291 1.2778 2.0987

Numerical results in [9] 0.1197 0.5373 1.2721 2.0913
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experience different fading, the computational burden of the analytical expression in [9]

will become even larger, because the first and second moment of the hybrid path SNR need

to be calculated for each relay. The method in this paper avoids the repeated computing

and preserves almost constant iteration times as N increases.

The impact of various parameters on the system performance is analyzed. In Figs. 3, 4

and 5, the analytical results are illustrated with the colored curves while the simulation

results are shown by (9) mark on all the curves for comparison. Axis x stands for the

average transmitted SNR of S ? D and axis y denotes the normalized ergodic downlink

channel capacity, �C=B.
Figure 3 shows the impact of the channel condition of S ? R on the ergodic downlink

channel capacity of hybrid satellite-terrestrial AF cooperative system, where �cSR ¼ �cSD and

N = 1. The ergodic downlink channel capacity of the no relay mobile land satellite system

is also given for comparison.

From Fig. 3, we observe that when the channel condition of S ? R gets better, the

ergodic downlink channel capacity of the hybrid satellite-terrestrial AF cooperative system

increases. However, the slopes of all three curves are identical when �cSD is high enough,

which means that the channel condition of S ? R does not affect the asymptotic property

of the ergodic channel capacity of the hybrid satellite-terrestrial AF cooperative system.

Moreover, the asymptotic property of the ergodic channel capacity of the no relay

mobile land satellite system is better than that of the hybrid satellite-terrestrial AF coop-

erative system. When �cSD is low, the hybrid satellite-terrestrial AF cooperative system

achieves a larger channel capacity due to the diversity gain achieved from the relay path.

Nevertheless, the ergodic channel capacity of the no relay mobile land satellite system

becomes better when �cSD exceeds a certain value. This is because we assume the hybrid

satellite-terrestrial cooperative system adopts the time division multiple access (TDMA)

scheme, which decreases the capacity efficiency, especially when the benefit of the relay

path becomes less significant. Therefore, it is of great importance to deploy the gap filler in

the ILS or AS case for a hybrid satellite-terrestrial cooperative system. In the FHS case,

gap fillers will be less helpful.

Figure 4a, b show the ergodic channel capacity for �cSR ¼ �cSD and �cSR ¼ 10�cSD, where
the relay node adopts the AF and DF cooperative protocols, N = 1, and Rth = 1 bit/s/Hz.
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Fig. 3 Impact of channel
condition of S ? R on the
ergodic channel capacity, where
�cSR ¼ �cSD, the AF cooperative
protocol is performed at the relay
node
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From Fig. 4a, it is observed that, compared with the hybrid satellite-terrestrial AF coop-

erative system, the hybrid satellite-terrestrial DF cooperative system achieves a relatively larger

ergodic channel capacity except when the transmit SNR is below a certain value.

Furthermore, comparing the results in Fig. 4a, b, the performance gap between two

cooperative protocols gets smaller as �cSR increases. Moreover, it is concluded that the

channel condition of S ? R has great influence on the ergodic channel capacity especially

for the DF cooperative protocol. In a real scenario, it is possible for S ? R to obtain a high

�cSR when node R is located in a good environment with low noise power. If �cSR is high

enough, the ergodic channel capacity of the hybrid satellite-terrestrial cooperative system

is restricted by the channel condition of R ? D.

Figure 5 shows the impact of the number of relays on the ergodic downlink channel

capacity of the hybrid satellite-terrestrial systems with AF and DF cooperative protocols,

where the channel conditions of S ? Ri are assumed as ILS, and �cSRi
¼ �cSD.
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Fig. 4 Impact of the cooperative protocol and �cSR on the ergodic channel capacity. a �cSR ¼ �cSD, b
�cSR ¼ 10�cSD
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From Fig. 5, we observe that, as the number of relays increases, the ergodic channel

capacity decreases. The reason for this phenomenon is that the hybrid satellite-terrestrial

cooperative system adopts TDMA scheme. In the high-SNR regime, the ergodic channel

capacity decreases heavily, especially when the satellite occupies fewer time resources in

the multiple relay scenario. This is because node D tends to receive the same decoded data

from multiple transmitters although the received SNR is improved due to the time

diversity. Hence, it is not an efficient method to use multiple relays to forward signals

especially in the scenario when high data rate is required. In that case, N = 1 is preferred.

Since the system performance cannot obtain gain by increasing the number of relays in

the hybrid satellite-terrestrial cooperative system. We investigate the ergodic channel

capacity in the hybrid satellite-terrestrial cooperative system using different relay selection

strategies. Figure 6 shows the impact of the relay selection strategy on the ergodic

downlink channel capacity, where random relay selection strategy and the best relay

selection strategy are compared. The channel conditions of S ? Ri are assumed as ILS,

and �cSRi
¼ �cSD.

For random relay selection strategy, only one relay node is selected out of N relays

randomly to transmit signal to node D in the Phase II with AF or DF cooperative protocol.

For the best relay selection strategy, only one of the ‘‘best’’ relay node among N relays is

selected to transmit signal to node D in the Phase II with AF or DF cooperative protocol.

Here, based on the best node selection policy in [18], we present a modified node selection

policy. That is, each relay estimates the instantaneous channel responses,

hSRi
; hRiD i ¼ 1; 2; . . .;Njf g. For the AF cooperative protocol, the relay node is chosen in

order to maximize the minimum of hSRi
; hRiD i ¼ 1; 2; . . .;Njf g. For the DF cooperative

protocol, the relay node is chosen in order to maximize hRiDji 2 Cf g.
From Fig. 6, we observe that the ergodic channel capacity of the hybrid satellite-

terrestrial cooperative system with the best relay selection strategy is larger than that of

random relay selection strategy. Moreover, as the number of relays increases, the best relay

selection strategy achieves better system performance. The reason for this phenomenon is

that the best relay selection strategy always chooses the relay in the best channel condi-

tions. However, to perform the channel estimation at each relay is a challenge for the best

relay selection strategy.
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Fig. 5 The impact of the number
of relays on the ergodic channel
capacity, where �cSRi

¼ �cSD
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5 Conclusions

In this paper, the MGF-based approach was adopted to derive the closed-form expressions

of the ergodic downlink channel capacity in a hybrid satellite-terrestrial cooperative sys-

tem, where both AF and DF cooperative protocols were considered. The comparison

results showed that the analytical expressions derived using the MGF-based approach is

accurate and has a lower computational complexity.

The impact of various parameters on the system performance is investigated. It is

concluded that the ergodic downlink channel capacity of the hybrid satellite-terrestrial DF

cooperative system is generally larger than that of the AF cooperative system under same

channel conditions. And the performance of the hybrid satellite-terrestrial cooperative

system outperforms the no relay land mobile satellite system when the average transmitted

SNR of S–D link is below a certain value. The channel condition of S–R link also has great

influence on the ergodic channel capacity of hybrid satellite-terrestrial cooperative system.

And the ergodic channel capacity increase as the channel condition of S–R link gets better.

Hence, the location selection of the gap filler is an important issue.

Furthermore, as the number of participating relays increases, the ergodic downlink

channel capacity of the hybrid satellite-terrestrial cooperative system decreases because

fewer time resources are available for the satellite. However, with the best relay selection

strategy, the hybrid satellite-terrestrial cooperative system with multiple relays achieves a

larger ergodic channel capacity, at the cost of performing the channel estimation at each

relay.
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