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Abstract: In this paper, we evaluate the ergodic capacity analysis 
of an integrated satellite-terrestrial cooperative communication 
system under independent and non-identical shadowed Rician and 
Nakagami-� fading channels. Multiple cooperative relay nodes are 
assumed between satellite and the destination node. Amplify-and-
forward (AF) cooperative protocol is used at each fixed relay node 
for signal amplification. While for signals combining at the 
destination node, the maximum ratio combining (MRC) technique 
is exploited. An analytical approach is derived to evaluate the 
performance of the system in terms of ergodic capacity. We derive 
the approximate closed-form expression for calculating the ergodic 
capacity of the proposed system. It is shown that the derived 
analytical expression is very tight and applicable to the general 
operating conditions with the help of satellite channel data available 
from the literature. The analytical results are compared with Monte 
Carlo simulations, and they seem to agree well. Further it is shown 
that as the number of cooperative relay nodes between satellite and 
mobile users are increasing, the capacity of the system is 
decreasing. This is due to the fact are equal resources have to be 
allocated for relay communication. 
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1. Introduction 

Broadband satellite networks have gained much popularity 
as the demand for high data rates multimedia services is 
increasing day by day. Communication through a satellite 
play a vital role in a global wireless broadband 
communication network because they can unicast/broadcast 
IP based services to remote areas [1]. 
For a reliable satellite communication, there is always a line-
of-sight (LOS) link between satellite and the receiving 
terminal. While taking the case of mobile terminal it is very 
difficult to maintain a LOS communication with satellite due 
to shadowing and blockages occurring as a deep fade for a 
long duration. To take over this situation, a cooperative 
relaying is used in integrated satellite-terrestrial systems, as 
it would extend the satellite coverage, and offers services 
inside covered areas as well as supports low cost user 
terminals with satellite transmission and reception 
capabilities. The integrated communication system is mainly 
composed of a space satellite and many local terrestrial cell 
sites on the ground. In this integrated system, both satellite 
and terrestrial terminals communicate with the mobile station 
by exploiting the same mobile satellite services (MSS) 
frequency band. ITU define an integrated satellite-terrestrial 
system, a system in which the fixed terrestrial node is used 
with MSS and operates as a part of MSS. In this integrated 
system, the terrestrial node is controlled by the satellite 

resources and utilizes the same frequency spectrum as related 
with MSS system [2]. Thus, an integrated system is a single 
system that exercises both the terrestrial transmission 
through fixed relay node and traditional satellite link to 
provide services to a mobile user. By using both satellite and 
terrestrial components with proper network planning, the 
service provider can utilize the assign frequency band 
extensively and efficiently and can be able to offer inside and 
outside coverage to the mobile users. Since S-band is used 
for satellite broadcasting services, which is close to a 
frequency band used in 3G, the same antennas of the base 
station can be used in this system. As a consequence, the 
integrated satellite-terrestrial system is a cost-effective model 
because the terrestrial component of the system can be 
integrated into an already existing infrastructure. In 2003, 
federal communications commission (FCC) allowed MSS 
provider to modify their license to incorporate ancillary 
terrestrial component (ATC) services [3]. These systems are 
known as MSS-ATC in USA and Canada while MSS-CGC 
(MSS- Complementary Ground Component) in Europe. 
These systems are put into operation by using 1 �  3 GHz 
frequency range. 
The information at the relay node can be process either using 
amplify-and-forward or decode-and-forward protocols. 
According to [4], AF is more appropriate to adopt because of 
its simplicity and the processing burden of AF protocol is 
less the DF. Cooperative relaying networks are useful in the 
satellite-terrestrial networks as it can extend the satellite 
coverage [5]. Hence, diversity gain can be achieved through 
multiple signal paths [6]. Integrated networks allow a Next 
generation network (NGN) by seamlessly interwroking and 
cooperative combining the most powerful aspect of the 
satellite and terrestrial system, according to the Always Best 
Connected (ABC) model [7]. 
Integrated satellite-terrestrial system are discussed in [8]- 
[12]. In [8], transmitting diversity and coding gain are 
achieved with the use of multiple terrestrial relay terminals 
with encoding capability. The satellite based mobile TV 
system concept is explained in [9] where a hand held mobile 
terminal received broadcast signal from satellite and fixed 
terrestrial relay terminals. At present, a satellite based digital 
multimedia broadcasting (S-DMB) to hand held mobile 
station has been successfully deployed in Korea through a 
geostationary (GEO) satellite [10]. Two very famous 
companies in USA namely, XM-Radio and Sirius are 
operating their services using various terrestrial repeaters 
within urban areas [13]- [14]. Therefore, the cooperative 
transmits diversity in an integrated satellite-terrestrial system 
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with multiple fixed (infrastructure) relay [8] – [12], provides 
significant advantages in terms of SER and outage 
probability performance over the direct communication 
systems. 
This study investigates the ergodic capacity analysis of a 
multiple relay integrated satellite-terrestrial cooperative 
system over independent and non-identical fading 
distribution paths between � � �, � � 	
 and 	
 � �. In 
[12], we have discussed the outage probability and SER 
performances of the proposed integrated satellite-terrestrial 
system with detail mathematical closed form derivations. 
While in this paper, we have further extended our previous 
work to the capacity analysis of the proposed integrated 
satellite-terrestrial system under shadowed Rician and 
Nakagami-� fading channels. To the best of our knowledge, 
the ergodic capacity analysis of a multiple relay integrated 
satellite-terrestrial cooperative system over shadowed Rician 
and Nakagami-� fading distributions is not investigated yet. 
Hence, we derived an approximate closed-form expression to 
evaluate the performance in terms of ergodic capacity using 
practical satellite channel data for various fading conditions. 
We also verify the theoretical results we have derived with 
the Monte Carlo simulations.  
The remaining part of this paper is organized as follows. In 
section 2, we explain the system model and fading model. 
The approximate closed-form expression of ergodic capacity 
of the proposed system is derived in Section 3 while the 
ergodic capacity performance using LMSC parameters is 
discussed in Section 4. Finally, the concluding remarks are 
given in Section 5. 

 
Mathematical Notations and Functions: 
 � � 
 describes the link between node � and 
, while ��·� denotes the expectation. ���·�, ���·,·,·�� , Γ�·�, ���, γ��  , 

and ���· ; · ; ·�"  denote the vth order modified Bessel 
function of the second kind, the hypergeometric function, 
gamma function, instantaneous SNR of the � � 
 link, 
average SNR of the � � 
 link, and the Gauss 
hypergeometric function, respectively. 

2. System Model 

2.1  Network Model 
An integrated satellite-terrestrial cooperative system is 
shown in Fig. 1, where a source (�) is represented by a 
satellite communicates with a stationary destination node (�) 
with the help N cooperative fixed terrestrial relay nodes (	
), # $ 1, … , &. In the first phase of cooperative communication, 
the source node broadcast information signal and the 
destination node as well as & cooperative relay nodes receive  

 
Figure 1. An integrated satellite-terrestrial cooperative 

system 

the broadcasted information. While in the second phase of 
communication, each relay node amplifies the received 
signal and sends the scaled version to destination node. The 
destination node combines the all received signals using 
MRC combining technique and produce one better quality 
signal. This technique of broadcasting information from 
different locations makes communication possible even in 
bad channel conditions. The whole communication is 
completed in two orthogonal phases/channels and these 
orthogonal channel can be allocated to the relay nodes using 
Time Division Multiple Access (TDMA) of Frequency 
Division Multiple Access (FDMA). It is assumed that each 
node is equipped with single antenna, and the signal 
broadcasted by the source and relay nodes are perfectly 
synchronized at the destination node. 

2.2  Fading Model 
Independent and non-identical fading links are assumed 
between source, relay and destination nodes. The shadowed 
Rician distribution is assumed between � � �, and � � 	
, 
which is a more accurate distribution for analyzing the 
performance of land mobile satellite communication (LMSC) 
systems [15]. The fading coefficient for � � � and 	
 nodes 
are represented as '() and '(*+ respectively as shown in Fig. 
1. The channel coefficient between 	
 � � follows the 
Nakagami-� distribution because there are multiple paths 
due to small buildings, trees and other objects and fading 
coefficient is denoted by '*+). In MRC combining technique, 
the multiple faded copies of the signal are received from & relay nodes. These individual received signals are 
weighted and summed according their individual signal-to-
noise ratio (SNR). The instantaneous SNR of the combined 
signal at the output of MRC at the destination node can be 
written as: 
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                 �,-. $ �() / 0 �*+                                      �1�1

2�  

 
where �() $ |'()|"4(/&6 is the instantaneous SNR of the � � � and �*+is the instantaneous SNR between the source 
and #th relay, and between the #th relay and destination. For 
the tractable analytical evaluation, �*+, can be determined by 
its upper bound as 
                                      �*+ $ �(*+  �*+)�(*+/ �*+)                                       �2� 

 

Where  �(*+ $ 8'(*+8"4(/&6 is the instantaneous SNR of � � 	
 channel while �*+) $ 8'*+)8"4*+/&6 is the 

instantaneous SNR of 	
 � � channel. While 4( and 4*+ are 
the transmit power of the � and the 	
 node. The received 
noise at the #th relay and at the destination node is modeled 
as additive white Gaussian (AWGN) noise with variance &6. 
The probability density function (PDF) of the instantaneous 
SNR per symbol of � � � and � � 	
 links is given by [15] 
 

9������ $ 12:6�;�� < 2:6�62:6�6 / Ω>?@ exp D ��2:6�;��E 

                             F �� <�6, 1, ΩG"H@GIJK�"H@?@LΩ�>�                  �3�  

    
Here, Ω is the average power of the LOS component, 2:6 is 
the average power of the multipath component. While, �6 is 
allowed to vary over the wider range of �6 M 0. We can 
model different types of LOS conditions for the land mobile 
satellite channels, i.e. very small values of �6 correspond to 
the urban areas, while the value of  0 O �6 O  ∞  is 
associated with suburban and rural areas with partial 
obstruction of the LOS. Moreover, by substituting �6 $ 0,   
above PDF minimizes to the Rayleigh PDF and while 
putting �6 $ 1, it results in a Rice PDF. 
The PDF of the instantaneous SNR per symbol between the 	
 � � is distributed according to the Nakagami-� 
distribution which covers a broad variety of fading scenarios 
for the different values of the �-fading parameter [16], 

   9 GQ+R��� $ 1Γ��� D ��;*+)E? �?S�exp D� ��;*+) �E               �4� 

 
where � is the traditional Nakagami multipath fading 
parameter which ranges from M 0.5 to ∞. 

3. Ergodic Capacity Analysis 

 The ergodic capacity is defined as the expected value of the 
instantaneous maximum mutual information between the 
source and the destination. Thus, the ergodic capacity of a 
multiple relay integrated satellite-terrestrial cooperative 
system operating over & relay nodes over orthogonal 
channels can be written as [17] 

              CGXYZ $ 1& / 1 log" ^. ��ln�1 / �,-.��               �5� 

 

Moreover, a simple upper bound for the ergodic capacity 
derived from Jensen's inequality in [18] is given as 
               CGXYZ ` 1& / 1 log �1 / ���,-.��                   �6� 

 
It is noted that log�x� is a concave function. It is important to 
find out the ergodic capacity of the multiple relay integrated 
satellite-terrestrial cooperative system. In this context, the 
exact expression for the ergodic capacity can be calculated 
by the Gaussian approximation under independent and non-
identical shadowed Rician and Nakagami fading channels. 
For this approximation, only the capacity first moment 
(mean) and second moment are required. Thus theoretically, 
the second-order approximation for CGQ  can be obtained by 
using the Taylor expansion of bc�1 / �*+� with the mean of �*+, �d�*+e as given in [17] 

              CGXYZ $ 1& / 1 log" ^ fbc�1 / ���,-.��
� D���,-." � � ����,-.��"2�1 / ��,-.��" Eg               �7� 

 
Now we derive the closed-form expression of combined PDF 
of two independent and non-identical channels given in (3) 
and (4). The combined PDF of the relaying path �� � 	
 ���, �*+ , can be expressed as [12] 
 

9GQ+ ��� $ 12:6�;(*+ < 2:6�62:6�6 / Ω>?@ 1Γ��� D ��;*+)E?
 

              F f� D 12:6�;(*+ / ��;*+)E �g 0 1i!
k

�26                                   
              F Γ��6 / i�Γ��6�Γ�1 / i� D Ω2:6�;(*+�2:6�6 / Ω�E�

 

 

             F 0 <� / i / 1l >?L�L�
�26 2�?L� mn �;*+)2:6��;(*+o

?S�
 

           F ��?S�� D2�p ?"H@GIqQ+GIQ+RE                                 (8) 

 
The average SNR between � � 	
 is represented by �;(*+ $4(/&6 while �;*+) $ 4*+/&6 is the average SNR between 	
 � �.  
The first moment (mean) and the second moment of �() and �*+ can be determined as 

              �d���e $ r ���
k

6 9GJK���s���                       �9� 

             �d���" e $ r ���"k
6 9GJK���s���                       �10� 

 
Thus, the mean and second moment of �()  can be obtained 
by substituting (3) in (9) and (10) and using the integral 
[19,eq.(3.351.3)] 

���()� $ 12:6�;() < 2:6�62:6�6 / Ω>?@ 0 1u!
k

v26
Γ��6 / u�Γ��6�Γ�1 / u� 

                F w Ω"H@GIqR�"H@?@LΩ�xv �u / 1�! w �"H@GIqRxS�vL"� �11� 
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���()" � $ 12:6�;() < 2:6�62:6�6 / Ω>?@ 0 1u!
k

v26
Γ��6 / u�Γ��6�Γ�1 / u� 

                F w Ω"H@GIqR�"H@?@LΩ�xv �u / 2�! w �"H@GIqRxS�vLy� �12� 

 
Now by substituting the end-to-end combined PDF (8) in (9) 
and (10) and using the integral [19, eq.(6.621.3)], the mean 
and second moment of �*+ can be obtained as 
 

�d�*+e $ 12:6�;(*+ < 2:6�62:6�6 / Ω>?@ 1Γ��� D ��;*+)E? 0 1i!
k

�26  

            F Γ��6 / i�Γ��6�Γ�1 / i� D Ω2:6�;(*+�2:6�6 / Ω�E�
 

            F 0 <� / i / 1l > 2 mn �;*+)2:6��;(*+o
?S�?L�L�

�26  

           F √{�2|�?S�Γ�} / 2�Γ�i / l / 2��~ / |��L"Γ�� / i / 2.5�  

          F �� w} / 2; � � l / 0.5; � / i / 2.5; �S��L�x"  (13) 

 
and  

�d�*+" e $ 12:6�;(*+ < 2:6�62:6�6 / Ω>?@ 1Γ��� D ��;*+)E? 0 1i!
k

�26  

            F Γ��6 / i�Γ��6�Γ�1 / i� D Ω2:6�;(*+�2:6�6 / Ω�E�
 

            F 0 <� / i / 1l > 2 mn �;*+)2:6��;(*+o
?S�?L�L�

�26  

           F √{�2|�?S�Γ�} / 3�Γ�i / l / 3��~ / |��LyΓ�� / i / 3.5�  

          F �� w} / 3; � � l / 0.5; � / i / 3.5; �S��L�x"  (14) 

 
 
respectively, where 
                           ~ $ 12:6�;(*+ / ��;*+)                                   �15� 

and 

                         | $ 2n �2:6�;(*+�;*+)                                   �16� 

 
 
While } $ 2� / i � l. Hence, the second order 
approximated ergodic capacity for the multiple relay 
integrated satellite-terrestrial cooperative system is obtained 
by substituting (11), (12), (13) and (14) in (7). 
 
4. Numerical and Simulation Results 

In this section, we present the Monte Carlo simulation and 
analytical results of multiple relay integrated satellite-
terrestrial cooperative system under independent and non-
identical fading channels. The performance measure is 
ergodic capacity. About 10�, channel realizations are 
randomly generated for simulation in Matlab. The AWGN 

samples are complex Gaussian variables with zero mean and 
variance &6, while the three channel variables, the shadowed 
Rician '(), '(*+ and Nakagami '*+) are independently 
generated. The analytical results are obtained from the 
closed-form expression of ergodic capacity given in (7) using 
Mathematica program. The performance curves are plotted 
using the ergodic capacity versus the average SNR of the 
transmitted signal. The 	
 � � link experience Rayleigh 
fading at � $ 1. The practical values of land mobile satellite 
channel (LMSC) are shown in Table 1. 

We investigate the impact of the multiple relay cooperative 
communication on the ergodic capacity. The upper bound for 
the integrated satellite terrestrial cooperative system is 
obtained numerically using Jensen’s inequality (6), while the  
 

Table 1: Land mobile satellite channel parameters [15] 

Channel condition �6 :6 Ω 

Frequent deep shadowing 2.56 0.0158 0.123 
Moderate shadowing 7.64 0.129 0.372 
Light shadowing 26 0.005 0.515 

 
second order approximated ergodic capacity of the proposed 
system is calculated by substituting derived expressions in 
(7).  
 

 
Figure 2: Ergodic capacity analysis of the multiple relay 
integrated satellite-terrestrial cooperative system, the direct 
channel � � � experience deep shadowing, �6 $ 2.56, 
where the � � 	
 channel have LOS, �6 $ 26 and the 	
 � � channel experience Nakagami- � fading at � $ 1  
 
Figure 2 shows the ergodic capacity analysis of the amplify-
and-forward integrated satellite terrestrial cooperative 
system, where the satellite channels, � � � and � � 	
, 
suffer from deep ��6 $ 2.56� and light ��6 $ 26� 
shadowing respectively whereas the terrestrial channel 
experience multi-path Rayleigh fading at � $ 1. It can be 
seen that derived approximated ergodic capacity expression 
is very tight, the difference is negligible with increasing 
number of relay node (& $ 2 and & $ 3) and in any 
practical SNR regions. On the other hand, simple upper 
bound is not so tight with a direct link.  
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Figure 3: Ergodic capacity analysis of the multiple relay 
integrated satellite-terrestrial cooperative system, when the 
direct channel � � � experience deep shadowing, �6 $2.56, while the � � 	
 channel have LOS, �6 $ 26 and 	
 � � channel experience Nakagami-2 fading 
 
Figure 3 shows the ergodic capacity curves of the scenario 
when we improve the quality of the 	
 � � channel at �� � 1�. As a result of this, the capacity performance is not 
enhancing. This shows that the ergodic capacity of the 
proposed multiple relay integrated satellite terrestrial 
cooperative system is mainly determined by the � � � 
channel. 
 

 
Figure 4: Ergodic capacity curves of multiple relay 
integrated satellite-terrestrial cooperative system, when the 
satellite channels,    � � � and � � 	
 experience moderate 
and light shadowing respectively where 	
 � � link 
experience Nakagami-� fading at � $ 1. 
 
Figure 5 and figure 6 show the ergodic capacity curves when 
the satellite link with destination node is undergoes moderate 
shadowing (�6 $ 7.64) and terrestrial channel 	
 � � 
suffer from Nakagami fading at � $ 1 and 2 respectively. It 
is noted that in multiple relay cooperative communication, 
increasing the number of relay nodes degrades the ergodic 
capacity performance especially at high SNR. The reason is 
due to the orthogonal distribution of the system resources. 
 

 
Figure 5: Ergodic capacity curves of multiple relay 
integrated satellite-terrestrial cooperative system, when the 
satellite channels, � � � and � � 	
 experience moderate 
and light shadowing respectively where the 	
 � � link 
experience Nakagami-2 fading. 
 
5. Conclusion 

In this paper, we derived approximate closed-form 
expression of ergodic capacity of AF multiple relay 
integrated satellite-terrestrial cooperative system under 
independent and non-identical shadowed Rican and 
Nakagami-� fading channels. Obtained results are examined 
by evaluating ergodic capacity under the variety of fading 
scenarios as shown in Table 1. The analysis of the study is 
verified using the results of the numerical computation and 
simulation. By using LMSC statistical experimental data of 
different fading conditions obtained from literature, our 
derived analytical approximated expression of ergodic 
capacity is very tight, this is applicable with any number of 
relay paths, and remains valid for a large class of satellite 
and terrestrial fading conditions. In additional, the 
performance of the proposed integrated system may be 
further improved by using multicarrier transmission like 
OFDM with pre-distortion technique in satellite 
transmission.  
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