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ABSTRACT. This work investigates the performance of hybrid satellite terrestrial cooperative 

relaying communications network (HSTCN) over time-selective fading links arising due to the 

node mobility. Both satellite–to-destination (SD) and Satellite-to–relay (SR) links undergo the 

independent and identically distributed (i.i.d.) time-selective shadowed Rician fading, the 

terrestrial relay-to-destination links are assumed to be i.i.d. time-selective Nakagami-m faded. 

It evaluates the performance of such a network using multiple-input multiple-output (MIMO) 

space-time block-code (STBC) based selective decode-forward (S-DF) cooperation with 

imperfect CSI. An analytical approach is derived to evaluate the performance of the system in 

terms of per-frame average pairwise error probability (PEP) and asymptotic PEP floor. 

Further, a framework is developed for deriving the diversity order (DO). It demonstrates that 

full DO for cooperation protocol can be achieved when there is a knowledge of perfect CSI. A 

convex optimization (CO) framework is formulated for obtaining the optimal source-relay 

power allocation factors which significantly improve the end-to-end reliability of the system 

under power constraint scenarios. The results show the time selective nature of the links and 

imperfect CSI significantly degrades the system performance. Further, the impact of the 

satellite elevation angles at the terrestrial nodes is explicitly demonstrated through simulations. 

The error rate of the system is seen to reduce significantly with increasing satellite elevation 

angle at the relay when the SD link experiences frequent heavy shadowing and the RD links are 

relatively strong. However, for other scenarios when the RD links are relatively weak and SR 

links experience frequent heavy shadowing, significant performance improvement can be seen 

by increasing the satellite elevation angle at the destination user equipment. The analytical 

expressions show excellent agreement with the simulation results. 

RÉSUMÉ. Cet article étudie la performance du réseau de communication de relais coopératif 

terrestre par satellite hybride (HSTCN, le sigle d’« hybrid satellite terrestrial cooperative 

relaying communications network» en anglais) sur les liaisons à évanouissement temporel 

sélectif en raison de la mobilité des noeuds. Les liaisons de satellite à destination (SD) et de 

satellite à relais (SR) sont soumises à un évanouissement temporel sélectif de Rician ombré 

indépendant et identique, les liaisons terrestres de relais à destination (RD) sont considérées 

indépendant et identique dans Nakagami-m à évanouissement temporel sélectif. Il évalue les 
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performances d'un tel réseau en utilisant une coopération de décodage-transfert sélectif basée 

sur un codage de bloc espace-temps ayant des entrées multiples et sorties multiples (MIMO, le 

sigle de « Multiple-Input Multiple-Output » en anglais) avec un CSI imparfait. Une approche 

analytique est dérivée pour évaluer les performances du système en termes de probabilité 

d'erreur par paire (PEP, le sigle de « Pairwise Error Probability » en anglais ) moyenne par 

image et de plancher PEP asymptotique. En outre, un cadre est développé pour dériver l’ordre 

de diversité (OD). Cela démontre que l’OD complet pour la coopération de protocole peut être 

atteint lorsqu'il existe une connaissance du CSI parfait. Un cadre d'optimisation convexe (OC) 

est formulé pour obtenir les facteurs d'allocation de puissance source-relais optimaux qui 

améliorent de manière significative la fiabilité de bout en bout du système dans des scénarios 

de contrainte de puissance. Les résultats montrent la nature sélective et temporelle des liaisons 

et du CSI imparfait dégrade considérablement la performance du système. De plus, l'impact 

des angles d'élévation des satellites terrestes aux nœuds est explicitement démontré par des 

simulations. Il semble que le taux d'erreur du système diminue considérablement avec 

l'augmentation de l'angle d'élévation du satellite au niveau du relais lorsque la liaison SD subit 

de fortes ombrages fréquents et que les liaisons RD sont relativement fortes. Cependant, pour 

d'autres scénarios où les liaisons RD sont relativement faibles et que les liaisons SR subissent 

souvent une forte ombrage, une amélioration significative des performances peut être constatée 

en augmentant l'angle d'élévation du satellite au niveau de l'équipement utilisateur de 

destination. Les résultats analytiques montrent un excellent accord avec les résultats de la 

simulation. 
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1. Introduction 

HSTCN are used in the context of mass broadcasting and navigation due to their 

ability to provide satellite coverage inside buildings and other shadowed areas. 

However, due to the rain, fog, poor angle of inclination, non-availability of line-of-

sight (LOS), and low transmit power, the satellite coverage area is limited by the 

masking effect between the satellite and a terrestrial user. The masking effect becomes 

more severe in the case of low satellite elevation angles or when the user is indoor. 

The masking aberration also affects outdoor communication scenarios and its effect 

becomes more pronounced at lower satellite elevation angles. Further, mobility of the 

destination user-equipment (UE) and other cooperative UEs serving as relay nodes 

induces Doppler, which results in time-selective fading and the ensuing degradation 

of the end-to-end system performance (Varshney and Puri, 2017). Relay technology 

has thus become one of the core techniques in next-generation wireless 

communication systems. Therefore, HSTCN has been developed more recently to 

improve the performance as well as the coverage of the satellite networks (Ruan et al., 

2017).  
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In (Yang and Hasna, 2015), HSTCN is proposed, to avoid the masking effect. 

However, the work therein considers the amplify-and-forward (AF) protocol, which 

introduces noise amplification at the relay nodes. In (Sreng et al., 2013), the authors 

investigated the symbol error rate (SER) performance of HSTCN. The closed form 

(CF) formulations for SER of quadrature phase shift keying (QPSK) and Quadrature 

amplitude modulation (QAM) signaling with maximum likelihood (ML) decoding 

over independent but not necessarily identically distributed shadowed rician fading 

channel are derived. These CF expressions are represented in terms of a finite sum of 

Lauricella hypergeometric functions. However, this work does not consider the 

impact of node mobility, elevation angles and imperfect CSI and on the PEP 

performance. In (Iqbal and Ahmed, 2011), the authors investigated the SER for a 

variable gain AF relaying network. Later, in (Bhatnagar and Arti, 2013), the authors 

investigated the performance of a fixed gain AF relaying system. Compared with 

variable-gain relaying, fixed-gain relaying appeals in practical applications for its 

ability to lower the implementation complexity since only statistic CSI is required. 

Further, several works such as (An et al., 2014; Sharma et al., 2016; Iqbal and Ahmed, 

2015) have analyzed dual-hop HSTCN considering either AF or conventional decode-

forward cooperative communication protocols at the relay node. However, in these 

works do not consider node mobility and imperfect CSI. In the authors investigated 

the node mobility and its impact on the per frame average PEP performance, 

especially employing the SDF cooperative protocol. However, in this work the authors 

do not consider MIMO and STBC and authors have not analyzed the diversity order 

and optimal power allocation. In (Halber and Chakravarty, 2018; Srikanth et al., 2018) 

the author has desribed about the relay optimization. 

This work investigates the performance of HSTCN over time-selective fading 

links with MIMO and STBC. Based multiple relays SDF cooperative communication 

system. It is observed that the node mobility and imperfect CSI lead to degradation of 

the system performance. Further, in case of static nodes and perfect CSI system gets 

full DO. 

The rest of this paper is organized as follows. The system and channel models are 

discussed in Section II. In Section III, the moment generating function (MGF) and the 

average SEP are derived for different types of modulation schemes. The simulation 

and numerical results are presented in Section IV. The conclusion is finally drawn in 

Section V. 

2. System model  

We consider a HSTCN employing MIMO STBC S-DF relaying protocol, where 

𝐾 earth stations (terrestrial relay nodes) with 𝑁𝑅  antennas selectively forwards the 

data received from the satellite to the destination. The schematic representation of 

HSTCN system is shown in Figure 1. 
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Figure 1. Schematic representation of HSTCN 

In this work, we consider time-selective fading channel due to node mobility and 

imperfect CSI conditions. We assume all the fading channel links are time-selective 

in nature. Also, we assume links will not vary for one STBC to another STBC 

codeword matrix. It differs in a time-selective way from one STBC codeword to 

another STBC codeword within a block. Moreover, in contrast to previous papers 

(Varshney and Puri, 2017), the presence of a direct SD fading link with an elevation 

angle 𝜃𝑆𝐷  is also assumed. The elevation angle for the fading link between SR is 

denoted by 𝜃𝑆𝑅𝑟 , where 𝑟 = 1,2,3, . . . . , 𝐾. The time selective MIMO fading links can 

be modeled using first order autoregressive channel model (AR1) as (Varshnet and 

Hagannatham, 2017), 

 2( ) ( 1) 1 ( ); , , .i i i i i r rp p E p i SD SR R D = − + − 
       (1) 

Where the terms 𝜐𝑆𝐷 , 𝜐𝑆𝑅𝑟 and 𝜐𝑅𝑟𝐷 denote the correlation coefficients for the SD, 

SR and RD fading links respectively. These correlation coefficients can be evaluated 

using Jakes model as, 𝜐 = 𝐽0(2∏𝑓𝑐𝑣𝑝/𝑅𝑆𝑐), where 𝑣𝑝, 𝑅𝑆, 𝑇𝑆 = 1/𝑅𝑆, 𝑐, 𝑓𝑐 and 𝐽0(. ) 

denote the relative velocity, symbol transmission rate, number of time slots, speed of 

light, carrier frequency and zeroth-order Bessel function of the 1st kind respectively. 

The random process 𝐸𝑖(𝑝) denotes the time-selective component of the associated 

link, distributed as zero mean circular shift complex Gaussian noise (ZMCSCG) 

{𝑖. 𝑒. , ∼ ℂℕ(0, 𝜎𝑒𝑖
2 )}. In this system model, we consider that the DN employs low 

complexity maximal ratio combiner (MRC) receiver. However, it is difficult to get 

instantaneous CSI corresponding to the transmission of every STBC codeword due to 

the time-selective nature of the fading links. Hence, like works we assume imperfect 

CSI at the 𝑟𝑡ℎ relay node (RN) and DN.  
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The estimated channel matrices for RD, SR and SD links can be written as 

ℤ̂𝑅𝐷
(𝑟)
(1) = ℤ𝑅𝐷

(𝑟)
(1) + ℤ∈𝑅𝐷

(𝑟)
(1), ℤ̂𝑆𝑅

(𝑟)
(1) = ℤ𝑆𝑅

(𝑟)
(1) + ℤ∈𝑆𝑅

(𝑟)
(1)  and ℤ̂𝑆𝐷(1) =

ℤ𝑆𝐷(1) + ℤ∈𝑆𝐷(1) respectively, estimated at the beginning of each block and in this 

way used to detect each STBC codeword 𝑋𝑆(𝑝), 1 ≤ 𝑝 ≤ 𝑀𝑏 in the consequent block. 

The MIMO channel matrices ℤ𝑆𝑅𝑟
(𝑟)
(1) ∈ ℂ𝑁×𝑁 ,ℤ𝑅𝑟𝐷

(𝑟)
(1) ∈ ℂ𝑁𝐷×𝑁  and ℤ𝑆𝐷(1) ∈

ℂ𝑁𝐷×𝑁  are comprised of entries ℎ𝑙,𝑚
(𝑆𝑅𝑟)(𝑝), ℎ𝑛,𝑙

(𝑅𝑟𝐷)(𝑝)  and ℎ𝑛,𝑚
(𝑆𝐷)(𝑝)  which are 

ZMCSCG with variance (𝛿𝑆𝑅
(𝑟)
)2, (𝛿𝑅𝐷

(𝑟)
)2

( ) 2 ( ) 2( ) , ( )r r

SR RD 
and 

2

SD
 respectively. 

The channel error matrices ℤ∈𝑆𝑅
(𝑟)
(1),ℤ∈𝑆𝐷(1) and ℤ∈𝑅𝐷

(𝑟)
(1) comprise of entries, which 

are ZMCSCG with variance (𝜎∈𝑆𝑅
(𝑟)
)2, 𝜎∈𝑆𝐷

2  and (𝜎∈𝑅𝐷
(𝑟)
)2  respectively. By using (1), 

ℤ𝑆𝐷(𝑝) can be modeled as, 

( ) ( ) ( ) ( )
1

1 1 2 1

1

ˆ 1 1 1 .
SD

p
p p p i

SD SD SD SD SD SD SD

i

p v E i  
−

− − − −



=

= − + −  (2) 

Let 𝑁𝐷 and 𝑁𝑆 are the number of antennas employed at the DN and satellite node 

(SN) respectively. In order to keep the data rate of the SR link same as that of the RD 

link, we employ the same STBC at the RN and SN. This also means that 𝑁𝑅 = 𝑁𝑆 =
𝑁 . The MIMO STBC S-DF based HSTCN relaying system can be described as 

follows. Let 𝐶 = {𝑋𝑗[𝑝]} denotes the STBC codeword set, where each codeword of 

the set C is expressed as, 𝑋𝑗(𝑝) ∈ ℂ𝑁×𝑇𝑆  and 1 ≤ 𝑗 ≤ |𝐶|,  where |𝐶|  denotes the 

cardinality of the codeword set 𝐶. The received symbol block at the DN in case of 

direct SD transmission mode is modeled as, 

1 ˆ[ ] / [1] [ ] [ ].p

SD S C SD SD S SDY p P NR X p W p −= +                     (3) 

Where 𝑃𝑆, 𝑁 and 𝑅𝐶 denote the total available power budget at the SN, number of 

antennas at the SN and STBC code rate respectively. For cooperation mode, the 

received symbol blocks at the RN and DN can be modeled as,      

( ) 1 ( ) ( ) ( )[ ] / ( [1] [1]) [ ] [ ],
r SR

r p r r r

SR S C SR SR S SRY p P NR X p W p −

= + +
         (4) 

( ) 1 ( ) ( ) ( )[ ] / ( [1] [1]) [ ] [ ].
r RD

r p r r r

RD r C R D RD S RDY p P NR X p W p −

= + +
         (5) 

Where, {
�̃�𝑟 = 𝑃𝑟; 𝑖𝑓𝑟𝑒𝑙𝑎𝑦𝑟𝑑𝑒𝑐𝑜𝑑𝑒𝑠𝑡ℎ𝑒𝑠𝑦𝑚𝑏𝑜𝑙𝑐𝑜𝑟𝑟𝑒𝑐𝑙𝑦

�̃�𝑟 = 0; 𝑖𝑓𝑟𝑒𝑙𝑎𝑦𝑟𝑑𝑒𝑐𝑜𝑑𝑒𝑠𝑡ℎ𝑒𝑠𝑦𝑚𝑏𝑜𝑙𝑖𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑙𝑦.
 

In (4), 𝑃𝑟  denotes the power available at the 𝑟𝑡ℎ relay.  
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The channel noise matrices �̃�𝑆𝐷[𝑝], �̃�𝑆𝑅
(𝑟)
[𝑝] and �̃�𝑅𝐷

(𝑟)
[𝑝] comprise of noise terms 

emerging because of the mobile nodes and imperfect CSI respectively. The effective 

noise variances 𝑁𝑆𝐷 , 𝑁𝑆𝑅
(𝑟)

 and 𝑁𝑅𝐷
(𝑟)

 for SD, SR and RD links can be modeled as, 

( )1 2( 1) 2 1 2( 1) 2

0 ( ) ( ) 1 ,
SD eSD

p p

SD S C SD a S C SD aN N P NR N P NR N   − − − −

= + + −
 

( )( ) 1 2( 1) ( ) 2 1 2( 1) ( ) 2

0 ( ) ( ) ( ) 1 ( ) ,
r SR r SR

r p r p r

SR S C SR a S C SR a eN N P NR N P NR N   − − − −

= + + −
(6) 

( )( ) 1 2( 1) ( ) 2 1 2( 1) ( ) 2

0 ( ) ( ) ( ) 1 ( ) ,
r RD r RD

r p r p r

RD r C R D a r C R D a eN N P NR N P NR N   − − − −

= + + −
 

respectively. Where 𝑁𝑎 denotes the number of non-zero M-PSK symbols transmitted 

per codeword. The advantage of using STBC code-word is that, it orthogonalizes the 

vector channel into a constant scalar channel by creating virtual parallel paths. The 

effective instantaneous signal to noise ratio (SNR) 𝛾𝑆𝐷(𝑝), 𝛾𝑆𝑅
(𝑟)
(𝑝) and 𝛾𝑅𝐷

(𝑟)
(𝑝) for the 

SD, SR and RD fading links respectively can be modeled as,  

2
2( 1)

2
ˆ (1)( ( ) ( ))

ˆ( ) ( ) (1) ,
2

p

S SD SD S j
F

SD SD SD
F

C SD

P X p X p
p C p

NR N




− −
= =

 

2
2( 1) ( )

2
( ) ( ) ( )

( )

ˆ (1)( ( ) ( ))
ˆ( ) ( ) (1) ,

2

r

p r

S SR SR S j
r r rF

SR SR SRr
F

C SR

P X p X p
p C p

NR N




− −
= =

         
(7) 

2
1 ( )

2
( ) ( ) ( )

( )

ˆ (1)( ( ) ( ))
ˆ( ) ( ) (1) .

2

r

p r

r R D RD S j
r r rF

RD RD RDr
F

C RD

P X p X p
p C p

NR N




− −
= =

 

The effective SNRs 𝛾𝑆𝐷(𝑝), 𝛾𝑆𝑅
(𝑟)
(𝑝) and 𝛾𝑅𝐷

(𝑟)
(𝑝) 𝛾𝑅𝐷

(𝑟)
(𝑝) are Gamma distributed 

in nature, having a cumulative distribution function (CDF) and probability distribution 

function (PDF) are modeled as,  

( ) ( ) ( )  ( ) ( ) 
1 11, , .tF t t f t t e 
− − − −=     =   

         (8) 

Where 𝛾(. , . ) denotes the lower incomplete Gamma function and the quantities 

(𝛩, 𝛬)  will be equal to [𝑁𝑁𝐷 , {𝐶𝑆𝐷(𝑝)𝛿𝑆𝐷
2 }

−1
] , [𝑁2, {𝐶𝑆𝑅

(𝑟)
(𝑝)(𝛿𝑆𝑅

(𝑟)
)2}

−1

]  and 

[𝑁𝑁𝐷, {𝐶𝑅𝐷
(𝑟)
(𝑝)(𝛿𝑅𝐷

(𝑟)
)2}

−1

]  for the SR, SD, and RD SNR’s respectively. Where 

𝐶𝑆𝐷(𝑝), 𝐶𝑆𝑅
(𝑟)
(𝑝) and 𝐶𝑅𝐷

(𝑟)
(𝑝) are given as,  
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( ) ( ) ( )  ( ) ( ) ( ) ( )( ) 
1

1 1 12 1 2 1 2 12 21 1 ,
SD SD

p p p

SD SD SD C SD C SD SD C SD eC p NR NR NR       
−

− − −− − −

= + + −

( )  ( ) ( ) ( ) 
1

1 1 1( ) 2( 1) 2( 1) ( ) 2 2( 1) ( ) 2( ) 1 ( ) 1 ( ) ,
r r SR r SR

r p p r p r

SR SR SR C SR C SR SR C SR eC p NR NR NR       
−

− − −− − −

= + + −

( )  ( ) ( ) ( ) 
1

1 1 1( ) 1 1 2 1 2( ) 1 1 ,
r r RD r RD

r p p p

RD RD R D C RD C R D RD C R D eC p NR NR NR       
−

− − −− − −

= + + −
(9) 

respectively.  

The quantities (�̃�∈𝑆𝑅
(𝑟)
)2, (�̃�𝑒𝑆𝑅

(𝑟)
)2, (�̃�∈𝑅𝐷

(𝑟)
)2  and (�̃�𝑒𝑅𝐷

(𝑟)
)2  are equivalent to 

𝑁𝑎(𝜎∈𝑆𝑅
(𝑟)
)2, 𝑁𝑎(𝜎𝑒𝑆𝑅

(𝑟)
)2, 𝑁𝑎(𝜎∈𝑅𝐷

(𝑟)
)2 and 𝑁𝑎(𝜎𝑒𝑅𝐷

(𝑟)
)2 respectively.  

The parameters 𝛾
𝑆𝑅
, 𝛾
𝑅𝐷
 𝛾
𝑆𝑅
, 𝛾
𝑅𝐷

 and 𝛾
𝑆𝐷

 are given as 𝛾
𝑆𝑅
= 𝑃𝑆/𝑁0, 𝛾𝑅𝐷 = 𝑃𝑟/

𝑁0  and 𝛾
𝑆𝐷
= 𝑃𝑆/𝑁0  respectively. The quantities (𝛿𝑆𝑅

(𝑟)
)2, 𝛿2𝑆𝐷  and (𝛿𝑅𝐷

(𝑟)
)2  are 

defined as, (𝛿𝑆𝑅
(𝑟)
)2 = (𝛿𝑆𝑅

(𝑟)
)2 + (𝜎∈𝑆𝑅

(𝑟)
)2, 𝛿2𝑆𝐷 = 𝛿𝑆𝐷

2 + 𝜎∈𝑆𝐷
2  and (𝛿𝑅𝐷

(𝑟)
)2 =

(𝛿𝑅𝐷
(𝑟)
)2 + (𝜎∈𝑅𝐷

(𝑟)
)2  respectively. The terms �̃�∈𝑆𝐷

2  and �̃�𝑒𝑆𝐷 
2 are equivalent to 𝑁𝑎𝜎∈𝑆𝐷

2  

and 𝑁𝑎𝜎𝑒𝑆𝐷
2 ,  respectively, 𝜆𝑙1, 𝜆𝑙2, . . . . , 𝜆𝑙𝑁  represents the singular values (SVs) 

obtained after performing the singular value decomposition (SVD) of the STBC 

codeword difference 𝑋𝑆(𝑝) − 𝑋𝑗(𝑝), ℎ̃𝑙,𝑛
𝑆𝐷

 represents the (𝑙, 𝑛)  coefficient of the 

matrix ℤ̃𝑆𝐷(1) = ℤ̂𝑆𝐷(1)𝑈𝑗for 1 ≤ 𝑙, 𝑛 ≤ 𝑁 and 𝑈𝑗 ∈ ℂ𝑁×𝑁 is a unitary matrix, i.e., 

𝑈𝑗𝑈 = 𝑈𝑈𝑗 = 𝐼𝑁×𝑁and for Alamouti-STBC, 𝜆𝑙1 = 𝜆𝑙2 =. . . . = 𝜆𝑙𝑁 = 𝜆.  

In this work we consider that SR and SD fading links are distributed as Shadowed-

Rician and RD fading links are modeled as Nakagami-m fading channels. The SR 

channel matrix 𝐻𝑆𝑅[𝑝] ∈ ℂ𝑁𝑆×𝑁𝑅  contains independent and identically distributed 

(i.i.d.) Shadowed-Rician random variables (RVs), can be expressed as, 

( ) ( ) ( )( ) ( ) ( ) .r r r

SR SR SR

LOS COMPONENT SCATTERED COMPONENT

p p p= +

                        (10) 

The minimum antenna spacing for uncorrelated multipath scattered waves is 𝜆/2, 

where 𝜆  denotes the wavelength. Very dense surrounding environment plays an 

important role in the correlation of the scatter component. Following the system model 

given in, the channel coefficients of LOS component ℤ̄𝑆𝑅
(𝑟)
(𝑝) are i.i.d. Nakagami-𝑚𝑖 

as RVs with variance 𝛺𝑖 , where 𝑚𝑖 denotes the shape parameter and its values ranges 

from 0.50 to ∞. The scatter component channel matrix ℤ̃𝑆𝑅
(𝑟)
(𝑝) is comprised of entries 

which are distributed as i.i.d. complex Gaussian RVs with zero average value and 

variance 2𝑏𝑖 . 
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3. Performance analysis of MIMO STBC S-SF based HSTCN relaying system  

The instantaneous received SNR for SR link is modeled as, 

2
( ) ( ) ( )ˆ( ( )) ( ( )) ( [1]) ; 1,2,..., .r i r i r i

SR SR SR S Rp C p i N N = =
        (11) 

By employing M-PSK modulation, the average PEP for the SR link is modeled as  

( ) ( )( ) ( )

1 1

( ( )) , , ( ( )) , , , .
S RN NM

S R r i S R r i

E SR i i M E SR i i

k i

P C p m p C p m k


→ →

= =

 
   

 
 

(12) 

Where 

𝑝𝐸
𝑆→𝑅((𝐶𝑆𝑅

(𝑟)
(𝑝))𝑖 , 𝑚𝑖 , Ω𝑖 , 𝑘) = ∫ 𝑄(√𝑔𝑘𝑥)

∞

0
𝑓
(𝛾𝑆𝑅
(𝑟)
(𝑝))𝑖

(𝑥)𝑑𝑥.      (13) 

𝑄(⋅) denotes the 𝑄 − 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 which is the tail probability of the Gaussian PDF; 

modulation specific parameters are defined as: 𝜉𝑀 = 2/𝑚𝑎𝑥(𝑙𝑜𝑔2𝑀 , 2) , 𝜂𝑀 =
𝑚𝑎𝑥(𝑀/4,1) , M is equal to 4 for QPSK and 2 for BPSK, and 𝑔𝑘 =

2 𝑠𝑖𝑛2((2𝑘 − 1)𝜋/𝑀). Also, 𝑚𝑎𝑥{⋅,⋅} selects greatest of the two positive integers; 

(𝛾𝑆𝑅(𝑝))
𝑖 and 𝐶𝑆𝑅

𝑖 (𝑝) denote the instantaneous and average SNR, respectively, for the 

SR link, and 𝑓
(𝛾𝑆𝑅
(𝑟)
(𝑝))𝑖

(𝑥)denotes PDF of (𝛾𝑆𝑅
(𝑟)
(𝑝))𝑖 . 

In Appendix A, it is presented that the PDF of (𝛾𝑆𝑅
(𝑟)
(𝑝))𝑖is modeled as, 

( )
( )

( )
( )

( )

( ( )) ( )

, , , ( ( ))
.

, , 1, ( ( ))

i

i i i
r i

SR

i

r i
c

i i SRiN c l

i ip r i
i i i i i i SR

J x l d C pc
f x

l J x l d C p


 


−
  
   
 + +   


(14) 

Where  

( )
  ( )

( )

1
( )

( )

1 1 ( )

, , , ( ( ))
( ( ))

; ;
( ( ))

i i

i i

d l
r i

i i SR d l
r i

SR i i

i i

i i i r i

SR

x
J x l d C p

C p d l

x
F d d l

C p

 

− −

−
=

 −

− 
 − − 

          (15) 

𝛼𝑖 = 0.5(2𝑏𝑖𝑚𝑖/(2𝑏𝑖𝑚𝑖 + 𝛺𝑖))
𝑚𝑖/𝑏𝑖 , 𝛽𝑖 = (0.5/𝑏𝑖), 𝛿𝑖 = 0.5𝛺𝑖/(2𝑏𝑖

2𝑚𝑖 +

𝑏𝑖𝛺𝑖), 2𝑏𝑖 denotes the multipath component’s average power, 𝑐𝑖 = (𝑑𝑖 − 𝑁𝑖)
+, ∈𝑖=

𝑚𝑖𝑁𝑖 − 𝑑𝑖, 𝑑𝑖 = 𝑚𝑎𝑥{𝑁𝑖 , [𝑚𝑖𝑁𝑖]} and ⌊𝑧⌋denotes the largest integer not greater than 
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z; (𝑧)+  indicates that if 𝑧 ≤ 0,  then use 𝑧 = 0;  𝑧 = 0;  𝛤(⋅)  denotes the Gamma 

function, and 𝐹1 1(. ; . ; . ) denotes the confluent hypergeometric function.  

Substituting (14) in (13), we obtain, 

( )

( ) ( )( )

( )

( ) ( )

0

( ( )) , , ,

, , ( ( )) , 1, ( ( )) ,
i

i i i

i

S R r i

E SR i i

c
iN c l r i r i

i i i i SR i i i i SR

i i

p C p m k

c
l d C p k l d C p k

l
    

→

−

=

 

 
 + + 

 


(16) 

Where, 

( )

  ( )
( )

( )

( )

1

1 1 ( )( )
0

, , ( ( )) ,

1
; ; .

( ( ))( ( ))

i i

i i

r i

i i SR

d l i i

k i i id l r ir i
SRSR i i

l d p k

x
x Q g x F d d l dx

C pp d l

 

 





− −

− −

=

− 
 − − 

 −  


 (17) 

Using the relation given in 𝑄(√𝑔𝑘𝑥)can be written as, 

( ) 20

12

11 1

0,1/ 22 2 22

k k
k

g x g x
Q g x erfc G



   
= =    

     (18) 

( ) ( )

( )

( )11

1 1 12( ) ( )

1
; ;

0,1( ( )) ( ( ))

ii i i i i i

i i i r i r i

i iSR i SR

dx d l x
F d d l G

d lC p d C p

    −−  − − 
− − =     − +       (19) 

Where 𝑒𝑟𝑓𝑐(⋅)  and 𝐺𝑝,𝑞
𝑚,𝑛(⋅|

…
…)  denote the complementary error function and 

Meijer-G function respectively.  

Substituting (18) and (19) into (17), 𝜅(𝑙𝑖 , 𝑑𝑖 , (𝐶𝑆𝑅
(𝑟)
(𝑝))𝑖 , 𝑘) is given as, 

( )

( )( )

( )

( )

1
1 22 11

12 12 ( )( )
0

, , ( ( )) ,

1 12
.

0,1/ 2 0,1/ 22 ( ( ))2 ( ( ))

i i

i i

i i

r i

i i SR

d l
d l i ik

d l r ir i
SRi SR

l d C p k

xg x
x G G dx

C pd C p



 



− −
− −

−

=

 − 
    

   


 
(20) 

The PEP for SR link can be obtained by substituting (16) into (12), as given below, 
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𝑃𝐸
𝑆→𝑅 = 𝜉𝑀 ∑

(

 
 
∑ 𝛼𝑖

𝑁𝑖 ∑ (
𝑐𝑖
𝑙𝑖
)

𝑐𝑖
𝑖𝑖=0

𝛽𝑖
𝑐𝑖−𝑙𝑖 ×

𝑁𝑆𝑁𝑅
𝑖=1

𝜂𝑀
𝑘=1

(

 
 

2𝑑𝑖−𝑙𝑖−1

2√𝜋𝛤(𝑑𝑖)((𝐶𝑆𝑅
(𝑟)
(𝑝))𝑖)

𝑑𝑖−𝑙𝑖
∫ 𝑥𝑑𝑖−𝑙𝑖−1

∞

0
𝐺12
22 (

𝑔𝑘𝑥

2
|

1
0,1/2

)𝐺12
11 (

(𝛽𝑖−𝛿𝑖)𝑥

(𝐶𝑆𝑅
(𝑟)
(𝑝))𝑖

|
1

0,1/2
)𝑑𝑥 +

∈𝑖 𝛿𝑖
2𝑑𝑖−𝑙𝑖−1

2√𝜋𝛤(𝑑𝑖)((𝐶𝑆𝑅
(𝑟)
(𝑝))𝑖)

𝑑𝑖−𝑙𝑖
∫ 𝑥𝑑𝑖−𝑙𝑖−1

∞

0
𝐺12
22 (

𝑔𝑘𝑥

2
|

1
0,1/2

)𝐺12
11 (

(𝛽𝑖−𝛿𝑖)𝑥

(𝐶𝑆𝑅
(𝑟)
(𝑝))𝑖

|
1

0,1/2
)𝑑𝑥

)

 
 

)

 
 
.  (21) 

Following the similar approach, the PEP for the SD link can be written as, 

𝑃𝐸
𝑆→𝐷

= 𝜉𝑀∑

(

  
 
∑𝛼𝑖

𝑁𝑖∑(
𝑐𝑖
𝑙𝑖
)

𝑐𝑖

𝑖𝑖=0

𝛽𝑖
𝑐𝑖−𝑙𝑖

𝑁𝑆𝑁

𝑖=1

𝜂𝑀

𝑘=1

×

(

  
 

2𝑑𝑖−𝑙𝑖−1

2√𝜋𝛤(𝑑𝑖)(𝐶𝑆𝐷
𝑖 (𝑝))

𝑑𝑖−𝑙𝑖
∫ 𝑥𝑑𝑖−𝑙𝑖−1

∞

0

𝐺12
22 (

𝑔𝑘𝑥

2
|

1
0,1/2

)𝐺12
11 (

(𝛽𝑖 − 𝛿𝑖)𝑥

𝐶𝑆𝐷
𝑖 (𝑝)

|
1

0,1/2
)𝑑𝑥 +

∈𝑖 𝛿𝑖
2𝑑𝑖−𝑙𝑖−1

2√𝜋𝛤(𝑑𝑖)(𝐶𝑆𝐷
𝑖 (𝑝))

𝑑𝑖−𝑙𝑖
∫ 𝑥𝑑𝑖−𝑙𝑖−1

∞

0

𝐺12
22 (

𝑔𝑘𝑥

2
|

1
0,1/2

)𝐺12
11 (

(𝛽𝑖 − 𝛿𝑖)𝑥

𝐶𝑆𝐷
𝑖 (𝑝)

|
1

0,1/2
)𝑑𝑥

)

  
 

)

  
 
. 

                (22) 

Instantaneous PEP for the event when 𝑋𝑆[𝑝] ∈ ℂ
𝑁×𝑇𝑆is transmitted and 𝑋𝑗[𝑝] ∈

ℂ𝑁×𝑇𝑆 is detected conditioned on the RD fading link instantaneous SNR 𝛾𝑅𝐷
(𝑟)
(𝑝) is 

modeled as, 

( )( ) ( )( [ ] [ ] / ( )) 2 ( ) .r r

R D S j RD RDP X p X p p Q p → → =
                   (23) 

Where 𝑄(. ) denotes the Gaussian 𝑄  function, it is the area under the tail of a 

Gaussian curve, defined as, 𝑄(ℏ) =
1

√2𝑝𝑖
∫ 𝑒𝑥𝑝( − 𝑢2/2)𝑑𝑢

∞

ℏ
.  Average PEP 

𝑃𝑅→𝐷(𝑋𝑆[𝑝] → 𝑋𝑗[𝑝]) be derived by averaging (23) over the PDF of 𝛾𝑅𝐷
(𝑟)
(𝑝), we use 

the MGF based approach. It can be modeled as, 

( )

/2

2

( )

0

1
( [ ] [ ]) 1/ sin ( ) .r

RD

pi

R D S j p
P X k X k M d

pi 
 →

 → =  
            (24) 

Where 𝑀
𝛾𝑅𝐷
(𝑟)
(𝑝)
(. )denotes the MGF and is modeled as, 
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( )

2

2 ( ) ( ) 2( )

2

1
1/ sin ( ) .

( )( )
1

sin ( )

RD D

r
RD

m N N

r rp
j RD RD

RD D

M
C p

m N N




 



 
 
   =   
+  

     (25) 

Following the detailed solution of (25) given in Appendix B, the average PEP for 

RD link is modeled as,  

2 ( ) ( ) 2

2

2 1 2 ( ) ( ) 2

( 1)!1 1
( [ ] [ ])

2 ( )!( )( )
1

sin ( )

1
,0.50; 1;1 .

( )( )
1

RD Dm N N

RD D

R D S j r r

RD Dj RD RD

RD D

RD D RD D r r

j RD RD

RD D

m N N pi
P X p X p

pi m N NC p

m N N

F m N N m N N
C p

m N N

 



 

→

 
 

− → =
 
+  

 

 
 
  + −
 

+ 
  (26) 

The average PEP union bound can write as the summation of all PEP terms over 

the STBC codes 𝑋𝑗[𝑝] ∈ 𝐶as, 

[ ] , [ ] [ ]

[ ] ( [ ] [ ]).
j j S

R D R D S j

X p C X p X p

P p P X p X p→ →

 

 →
              (27) 

In relaying phase when relay correctly decodes the signal received from the source 

node then at the destination, we get the signal path from the source node as well as 

from the relay node. Using (22) and (27), the average PEP for cooperation modes, 

𝑃𝑆→𝐷,𝑅→𝐷[𝑘] can be written as, 

𝑃𝑆→𝐷,𝑅→𝐷[𝑘] = 𝜉𝑀 ∑

(

 
 
∑ 𝛼𝑖

𝑁𝑖 ∑ (
𝑐𝑖
𝑙𝑖
)

𝑐𝑖
𝑖𝑖=0

𝛽𝑖
𝑐𝑖−𝑙𝑖 ×

𝑁𝑆𝑁
𝑖=1

𝜂𝑀
𝑘=1

(

 
 

2𝑑𝑖−𝑙𝑖−1

2√𝜋Γ(𝑑𝑖)(𝐶𝑆𝐷
𝑖 (𝑝))

𝑑𝑖−𝑙𝑖
∫ 𝑥𝑑𝑖−𝑙𝑖−1
∞

0
𝐺12
22 (

𝑔𝑘𝑥

2
|

1
0,1/2

)𝐺12
11 (

(𝛽𝑖−𝛿𝑖)𝑥

𝐶𝑆𝐷
𝑖 (𝑝)

|
1

0,1/2
) 𝑑𝑥 +

∈𝑖 𝛿𝑖
2𝑑𝑖−𝑙𝑖−1

2√𝜋Γ(𝑑𝑖)(𝐶𝑆𝐷
𝑖 (𝑝))

𝑑𝑖−𝑙𝑖
∫ 𝑥𝑑𝑖−𝑙𝑖−1
∞

0
𝐺12
22 (

𝑔𝑘𝑥

2
|

1
0,1/2

)𝐺12
11 (

(𝛽𝑖−𝛿𝑖)𝑥

𝐶𝑆𝐷
𝑖 (𝑝)

|
1

0,1/2
) 𝑑𝑥

)

 
 

)

 
 
×
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∑

{
 

 
1

2𝑝𝑖
(

1

1+
𝜆𝑗
2𝐶𝑅𝐷
(𝑟)

(𝑝)(�̃�𝑅𝐷
(𝑟)

)2

𝑚𝑅𝐷𝑁𝐷𝑁𝑠𝑖𝑛
2(𝜃)

)

𝑚𝑅𝐷𝑁𝐷𝑁

(𝑚𝑅𝐷𝑁𝐷𝑁−1)!√𝑝𝑖

(𝑚𝑅𝐷𝑁𝐷𝑁)!
×𝑋𝑗[𝑝]∈𝐶,𝑋𝑗[𝑝]≠𝑋𝑆[𝑝]

𝐹2 1 [𝑚𝑅𝐷𝑁𝐷𝑁, 0.50;𝑚𝑅𝐷𝑁𝐷𝑁 + 1; 1 −
1

1+
𝜆𝑗
2𝐶𝑅𝐷
(𝑟)

(𝑝)(�̃�𝑅𝐷
(𝑟)

)2

𝑚𝑅𝐷𝑁𝐷𝑁

]

}
 

 
.              (28) 

Therefore, the end-to-end PEP for HSTCN system can be written as, 

, [ ] (1 ).S R S D S R

E E E S D R D EP P P P k P→ → →

→ →=  +  −
                   (29) 

Substituting (28), (22) and (21) into (29), we will get the end-to-end PEP for 

HSTCN system. 

4. Diversity order  

The HSTCN system performance can be easily understood by assuming high SNR 

regimes. Coding gain (CG) and diversity gain (DG) are the two important parameters 

which help in analyzing the PEP performance of the system. CG is the measure in the 

difference between the SNR levels between the uncoded system and coded system 

required to reach the same PEP levels when used with the error correcting code (ECC). 

DG is the increase in signal-to-interference (SINR) ratio due to some diversity scheme, 

or how much the transmission power can be reduced when a diversity scheme is 

introduced, without a performance loss. DG is usually expressed in decibels, and 

sometimes as a power ratio. In general, the asymptotic value of the PEP can be written 

as, 

( )
lim .

DG

E DG
x

CG
P



−

→



                                                  (30) 

Where �̄� denotes the average SNR. The average PEP expression is expressed in 

terms of Meijer-G function. To find the system's asymptotic PEP, we need to find the 

asymptotic value of the Major-G function. For (𝐶𝑆𝑅
(𝑟)
(𝑝))𝑖 → ∞ and 𝐶𝑆𝐷

𝑖 (𝑝) , 

asymptotically tight expression for Meijer-G function is given as,  

( ) ( ) ( )

( )
13

33

1 ,1 ,1/ 22 1/ 2
,

0, ,( ) 1

i i i i ii i i i i

i

i i i iSD k i i

d d l d l d d l
G

d l d lC p g d l

  − − + − +−   − +
→  − + − +  − +  (31) 

At very high SNR, the term containing the product of probabilities can be ignored 

in (29). In addition, by using (31), assuming that 𝐶𝑆𝐷(𝑝) = 𝐶𝑆𝐷
𝑖 (𝑝), and after some 

algebra, we can write the asymptotic average PEP of the system as, 
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( ) ( )
2

1

( ), , ( ), , ,
ie SD i i M e SD i i

i

p C p m p C p m
=

  
                     (32) 

Where, 

( )

( )

( )

( )

( )

1

1

0 1

( ), ,

1/ 2 2 1/ 22
1

( ) 1 1 ( )

i

i i i i ii

i i

i i

i

e SD i i

N l d d lc
i c l i i i i i ii

i d l
i i SD i i i i SD
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For very large 𝐶𝑆𝐷(𝑝), in (33), the term 𝐴𝑖 → 1; therefore, we obtain [ ], 

( )

( )

( )

( )

1

1

0

lim ( ), ,

1/ 2 1
2 ,

1 ( )

i
SD

i i

i i i i i i

i i

e SD i i
C p

N c
i c l l d d l i ii

i d l
i i i i SD

p C p m

c d l
g

l d l C p






→

− − − −

−
=



 − + 
=  

 − + 


       (34) 

At very high SNR, the decay of the term 𝑝𝑒𝑖(𝐶𝑆𝐷(𝑝),𝑚𝑖, 𝛺𝑖) is dominated by the 

lowest power of 𝐶𝑆𝐷(𝑝); therefore, after some algebra, we obtain the asymptotic PEP 

of the considered scheme from (33) and (34), i.e. 
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It can be seen from (35) that the DO of the satellite relay system is 𝑚𝑖𝑛{𝑁𝑆, 𝑁𝐷} +
𝑁𝑁𝐷 . This result indicates that if the relay has 𝑁𝑅transmit antenna, then no diversity 

gain can be achieved in the HSTCN by installing multiple antennas at the destination 

Earth station. Similarly, if the destination has 𝑁𝐷 receive antenna, then it will 

experience no diversity gain due the MIMO based source Earth station. Hence, to 

experience the diversity advantage, the source and the destination must use multiple 

antennas, i.e., 𝑁𝑖 > 1. 

5. Simulation results  

Simulations have been conducted in various conditions of node mobility over time 

varying channel. Simulation parameters are given as, 𝑀 = 4,𝐾 = 2, noise variance 
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𝑁0 = 1. This section presents simulation results to demonstrate the performance of 

the HSTCN relaying network in various mobility scenarios. Figure 2 demonstrates the 

impact of the satellite elevation angles on the end-to-end PEP performance of the 

system for a scenario when all the links are quasi-static i.e., 𝜌 = 1 and all elevation 

angles equal i.e., 𝜃𝑆𝑅1 = 𝜃𝑆𝑅2 = 𝜃𝑆𝑅. It can be seen in Figure 2 that increasing the 

elevation angles results in a significant improvement in the end-to-end performance. 

This is because high elevation angles lead to favorable channel with infrequent light 

shadowing (ILS) in satellite-terrestrial links. 

  

Figure 2. PEP versus SNR in dB performance of the MIMO STBC S-DF based 

HSTCN relaying network for various values of satellite elevation angle with 

𝜃𝑆𝐷 , 𝜃𝑆𝑅1 = 𝜃𝑆𝑅2 = 𝜃𝑆𝑅 ∈ {21
0, 310, 510, 820}, 𝑃𝑆 = 𝑃1 = 𝑃2 = 1/3, 𝑚𝑅1𝐷 =

𝑚𝑅2𝐷 = 𝑚𝑅𝐷 = 0.60and𝑓𝐶 = 5.9𝐺𝐻𝑧, 𝑅𝐶 = 9.6𝐾𝑏𝑝𝑠, 𝑃𝑆 = 𝑃1 = 𝑃2 = 1/3, 𝜌𝑆𝐷 =

𝜌𝑆𝑅1 = 𝜌𝑆𝑅2 = 𝜌𝑅1𝐷 = 𝜌𝑅2𝐷 = 𝜌 ∈ {0. .9856,0.9889,0.9989}, 𝜎𝑒𝑆𝐷
2 = 𝜎𝑒𝑆𝑅𝑟

2 =

𝜎𝑒𝑅𝑟𝐷
2 = 𝜎𝑒

2 = {0.09,0.02}∀𝑟 

6. Conclusion 

This paper presents the performance analysis for a selective DF cooperative hybrid 

satellite-terrestrial system with multiple relays where the satellite-to-relay links 

experience non-identical time-selective shadowed Rician fading and the relay-

destination terrestrial links are assumed to be nonidentical time-selective generalized 

Nakagami faded. Closed form expressions have been derived for the per-frame 

average SER and the asymptotic SER floor. Simulation results show the impact of 

terrestrial node mobility as well as the satellite elevation angles on the end-to-end 

performance. 
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Table 1. Lms channel parameters 

Shadowing 𝑏𝑖 𝑚𝑖 𝛺𝑖 

Frequency heavy shadowing 0.063 0.739 8.97 × 10−4 

Average shadowing 0.126 10.10 0.835 

Infrequent Light Shadowing 0.158 19.40 1.29 

 

APPENDIX A 

The 𝑗𝑡ℎ, 𝑗 = 1,2, . . . , 𝑁𝑖entry of ℎ𝑖 is distributed as, 
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Where 𝐸{⋅} represents the expectation. By using in (37), it can be shown that, 
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where 𝐹(𝛼, 𝛽; 𝛾; 𝑧) is the Hypergeometric function. Next, by using in (38), we get, 
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Under the assumption of i.i.d. entries in ih
, the moment generating function of 

‖ℎ𝑖‖
2 can be written as, 
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(40) 
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It can be easily verified from TABLE I that 𝛽𝑖 >> 𝛿𝑖 for all kinds of shadowing. 

As |𝑠| ≥ 0, therefore |𝛿𝑖/(𝑠 + 𝛽𝑖 − 𝛿𝑖)| << 1. Since 𝜀𝑖 < 1, an extremely tight (very 

close to accurate) approximation, (1 + 𝑧)𝑛 ≅ 1 + 𝑛𝑧, |𝑧| < 1, can be used in (40), to 

find that, 
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Taking the inverse Laplace transform of (41) and after some algebra, we obtain 

(16). 
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To solve 1I
, let us change the variable by substitution 

2cos t = . This leads to, 

2 2Sin 1 cos 1 t = − = − 2cos sin d dt  − =          (42) 

Thus, the limits of integral would change from 0 to 1 and the integrating variable     

dθ changes to   

 2 1

dt
d

t t
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− −                                            (43) 

Therefore, 𝐼1 can now be given as     
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After rearrangements and mathematical manipulations, this integral can be 

represented in the standard form as, 
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The above expression represents the integral in the standard form of the Gauss 

hypergeometric function defined as    

( )
( )

( ) ( )
( ) ( )

1
11

2 1

0

, ; ; 1 1 .
c bb a

c
F a b c x t t tx dt

c a a

− −− −


= − −
 −  

      (46) 

Comparing the above definition of the Gauss hypergeometric function with the 

expression of 𝐼1, the parameters can be obtained as 𝑎 = 𝑚𝑁𝑡𝑁𝑟 , 𝑏 =
1

2
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