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 In this paper, Hybrid satellite-terrestrial systems (HSTC) are preferred in dynamic type 

environments with high mobility of nodes due to the performance enhancement features in 

multiple relay-based selective decode-and-forward (DF) approach. Because of the satellite 

link, aerial satellite to destination and satellite to relay links, are not the same due to time-

selective shadowed Rician fading. Time-selective Rician fading depends on parameters like 

the angle of elevation of the satellite, the terrestrial relay node, and the node destination 

links, considered to be distinctively time-selective Nakagami faded. Here, per-frame 

average symbol error rate (SER) and outage probability are derived in a closed-form 

expression with consideration of M-ary PSK modulated symbols transmission. After 

evaluation, it was detected that the system performance is significantly degraded due to the 

time-varying nature of the links (dynamic environment). After various simulations and 

calculations, it was established that the error rate of the HSTC is significantly low by 

increasing the elevation angle of the satellite on the relay point. The performance 

enhancement can be observed by enhancing the satellite angle at the destination node of 

user equipment. 
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1. INTRODUCTION 

 

In conventional satellite communication systems, satellites 

coverage issues are major concern which can be rectify unto a 

certain level by adopting hybrid satellite-terrestrial systems. 

Coverage problem inside buildings and other shadowed 

regions like in the shade of any high height buildings or under 

the shade of mountains where line of sight (LOS) 

communication was not able to be established because of 

masking effect [1-3] is reduced by hybrid satellite-terrestrial 

systems. Due to this reason hybrid satellite-terrestrial systems 

have gained quite interest of research. This gives improved 

bandwidth utilization, increased reliability and enables higher 

data rate with less SER for broadcasting and navigation 

applications at less cost as compared to convention satellite 

systems. Masking effect is more effective at lower satellite 

elevation angles and it is also creating problem in outdoor 

environment scenario like in free space. If mobility is also 

considered in the real outdoor environment scenario, then 

mobility of the user equipment (UE) and cooperative user 

equipment’s working as relay nodes produces Doppler effect. 

Doppler effect causes time-selective fading [4-6], therefore 

worse the satellite to destination performance. The 

investigation of the outcome of node mobility and the 

associated time- selective fading connections on HSTC is 

summarized in Refs. [7-9]. Also explained, the HSTC, where 

the shadowing effect is also a concern while calculating the 

performance of the satellite-terrestrial link. Shankar et al. [10] 

demonstrated the precise HSTCN outage probability 

expression utilizing DF and the optimal relay selection 

technique. As work in [11, 12] described and analyze the SER 

and outage execution of a hybrid satellite-terrestrial 

cooperative system in different fading channels. Outage 

problem is major concern in all wireless systems where given 

information rate is not supported by channel due to variable 

channel capacity i.e. available information rate is less than the 

required threshold level. Even so, the description explained the 

amplify-and-forward (AF) method, where noise amplification 

takes place at the relay nodes [13-15]. The studies [16-18] 

focused on the SER of a hybrid satellite-terrestrial selective 

DF cooperative system and documented their findings 

following the Lauricella hypergeometric functions with finite 

sums. Both works [19, 20] used different approaches of 

cooperative network but do not include the effect of angle of 

elevations and also time-selectivity on the satellite to 

destination node fulfillment. The pairwise error probability 

analysis of spatial modulated (SM)-MIMO network in k-μ 

fading channel [21]. McKay et al. [22] have analyzed ergodic 

capacity and average SER accomplishment of a HSTC system 

with pre-defined fixed gain considering amplify-and-forward 

(AF) method. The satellite system's aerial and terrestrial 

connections anticipated experiencing shadowed Rician and 

Rayleigh fading in these sections. The same type of issues is 

considered and studied [23-25], in the presence of co-channel 

interference (CCI). Furthermore, various research has been 

conducted at dual-hop HSTC systems using either amplify-

and-forward (AF) or constant decode-and-forward (DF) 

relaying approach at the relay node of the system, such as the 

studies [26-29]. Moreover, various performance merits of 

hybrid satellite– terrestrial relay networks under interference-

limited scenarios, including OP, ASER, and ergodic capacity, 

have been investigated in Refs. [30]. Furthermore, none of the 

previous studies addressed considers temporal selectivity and 

its influence on the system's overall performance while 
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utilizing the vigorous selective decode and forward 

cooperative approach. 

This paper examines the performance of HSTC systems 

with the time-selected fading connections along with multiple 

relays and selective decode and forward collaboration. Besides, 

the satellite and terrestrial connections in a land mobile 

satellite network were, intended to be a conventional separate 

time-selective shadowed-Rician fading type, with variables 

dependent on the satellite angle of elevation. The angle of 

elevation of the satellite is an approach to performance 

optimization. The terrestrial links established between the 

relay node and the destination terminal are expected to be 

specific time-selective generalized Nakagami fading where 

delay-time spreads are relatively large. As the nature of the 

satellite and terrestrial links is time-varying, the performance 

of the end-to-end hybrid satellite-terrestrial communication 

system becomes noticeable decreases. In addition, the effect 

of elevation angles of a satellite is analyzed in this paper. Also, 

to mention, that by setting the correlation variable to unity, the 

outcome of the quasi-static channel, while using the stable 

terrestrial node can be generated more effectively. 

The rest of this paper is arranged in the following manner. 

In Section II, the system model of HSTC network is introduced. 

The expression for outage probability is discussed in Section 

III. The expression for symbol error rate (SER) is discussed in 

Section IV. The simulation result is presented in Section V. 

Section VI contains the conclusions.  

 

 

2. SYSTEM MODEL OF HSTC NETWORK  

 

Taking into account, an HSTC system as shown in Figure 1 

with selective decode and forward-based collaboration where 

the k terrestrial relay nodes work together with a hybrid 

satellite to selective re-transmit M-array PSK modulated 

satellite information to a target user equipment via orthogonal 

channel connections. Each relay node and the destination UE, 

handled as if, they were mobile at any speed in this research, 

which makes the connection between satellite to destination, 

relay to destination, and satellite to relay, time selective. 

 

 
 

Figure 1. System model of the HSTC communication with 

non- static Terrestrial Node 

 

In addition, unlike previous research [2, 3, 11], this study 

looks at a direct satellite-destination relationship as well as an 

elevation angle 𝜙𝑆𝐷 . HSTC is used, in the context of mass 

broadcasting and navigation due to its ability to provide 

satellite coverage inside buildings and other shadowed areas. 

The direct relationship between satellites and destinations is 

given in Eq. (1). The angle of elevation forming between 

satellite and relay r is represented as 𝜙𝑆𝑅𝑟
, here value of 𝑟 =

1,2,3. . . . 𝐾 . And when the two-phase network, taking into 

account, the received signals 𝑧𝑆𝐷[𝑘]  and 𝑧𝑆𝑅𝑟
[𝑘]  at the end 

terminal and relay r respectively, by the transmitting signal 

x[K] from the satellite terminal in the kth period of signaling, 

1 ≤ 𝑘 ≤ 𝑁𝑏, expressed as, 

 

  0 [ ] [ ] [ ]SD SD SDz k k x k k = +  (1) 

 

  0 [ ] [ ] [ ]
r r rSR SR SRz k k x k k = +  (2) 

 

Here 1 ≤ 𝑟 ≤ 𝐾, 𝜑𝑜  means source transmitted power and 

ℏ𝑆𝐷[𝑘] , ℏ𝑆𝑅𝑟
[𝑘]  are the value, time-varying channel 

coefficients for the hybrid satellite to end terminal and satellite 

to relay r  connection respectively. In addition, multiple 

relays are deployed in the second phase of the process, and 

only send the symbol data to the end terminal if the value of 

the decoding SNR exceeds a preset threshold value [5, 8]. The 

received signal 𝑧𝑅𝑟𝐷[𝑘]  at the end terminal corresponding to 

relay transmission is expressed as: 

 

  [ ] [ ] [ ]
r r rR D r R D R Dz k k x k k = +  (3) 

 

where, 𝑧𝑅𝑟𝐷[𝑘] is the channel coefficient of the time-varying r 

-relay to destination connection and 𝜑𝑜 represents the power 

transferred by the r relay. The additive white noise 

components 𝜇𝑆𝐷[𝑘], 𝜇𝑅𝑟𝐷[𝑘] and 𝜇𝑆𝑅𝑟
[𝑘] at the end terminal, 

relay r, and above may be expressed as zero mean Gaussian 

random variables having variances 𝜂𝑜. 

As the connection is time selective, obtaining the 

instantaneous CSI for each signaling period might be 

challenging. As a result, the channel coefficients ℏ𝑆𝑅𝑟
[𝐿] , 

ℏ𝑆𝐷[𝐿] and ℏ𝑅𝑟𝐷[𝐿] at the 𝑟𝑡ℎ relay and user equipment’s are 

expected to be properly calculated [17, 18]. Each frame's 𝐿𝑡ℎ 

signaling instant is used once, and then are used to find each 

symbol 𝑥[𝐾] , 1 ≤ 𝑘 ≤ 𝑁𝑏 ,in the matching frame with the 

length 𝑁𝑏. As the receiver tracking loop is not able to predict 

the gain of the channels in signaling period k owing to the 

much greater pilot overhead required [4], this is a reasonable 

consideration in conventional wireless communication 

systems. It's also worth noting that, with the right L, the model 

may support both a preamble and a mid-amble for channel 

estimation. Here we are utilizing the first-order autoregressive 

(AR1) process [19] to describe the time-selective character of 

each connection as, 

 

2

2

[ 1] 1 [ ], 1
[ ]

[ 1] 1 [ ],

i i ii

i

i i i bi

k e k if k L
k

k e k ifL k N










+ + −  

= 
 − + −  


 (4) 

 

where, 𝑖 ∈ {𝑆𝐷, 𝑆𝑅𝑟 , 𝑅𝑟𝐷}  whereas the terms 𝜌𝑆𝐷 , 𝜌𝑆𝑅𝑟
 and 

𝜌𝑅𝑟𝐷  are the correlation terms of the connection between 

satellite to destination or end terminal, relay r to destination 

and satellite to relay r respectively. The conventional Jakes' 

model 𝜌𝑖 = 𝑗0 (
2𝜋𝑓𝑐𝑣𝑖

ℜ𝑠𝑐
)  may be used to calculate these 

parameters, where 𝑗(. ) is the first-order zeroth-order Bessel 

function, 𝑓𝑐  denotes the carrier frequency, 𝑣𝑖  represents the 

relative speed of the two mobile nodes, c represents the speed 

of light, and the term ℜ𝑠 represents the symbol rate of the data. 
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The error components 𝑒𝑆𝐷[𝑘] , 𝑒𝑆𝑅𝑟
[𝑘]  and 𝑒𝑅𝑟𝐷[𝑘]  are the 

time varying terms of the satellite to end terminal, satellite to 

relay r and relay r to destination channel, represented as 

complex Gaussian random variables (i.e. zero mean circularly 

symmetric) with variances 𝜎𝑒𝑆𝐷
2 , 𝜎𝑒𝑆𝑅𝑟

2  and 𝜎𝑒𝑅𝑟𝐷
2  respectively. 

By utilizing the AR1 model in (4), expression for ℏ𝑖[𝑘] can be 

calculated as, 
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 (5) 

 

Now by replacing the (5) equation in Eqns. (1) and (2), the 

signal received 𝑧𝑖[𝑘], 𝑖 ∈ {𝑆𝐷, 𝑆𝑅𝑟} can be written as, 

 

0

0

ˆ[ ] [ ] [ ], 1 ,
[ ]

[ ] [ ] [ ], ,

L k
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L x k k ifL k N

  

  

−

−

 +  
= 

+  

 (6) 

 

where, �̂�𝑖[𝑘]  and �̃�𝑖[𝑘]  denotes the effective noise 

components at the end terminal, expressed as, 
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M
i

L

k
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(8) 

 

And the terms �̂�𝑖
𝑀[𝑘] and �̂�𝑖

𝑀[𝑘] are the noise components 

which are arising due to node mobility. Further, by using Eq. 

(6), the instantaneous SNR 𝛾𝑖
𝑘 , 𝑖 ∈ {𝑆𝐷, 𝑆𝑅𝑟}  at the 𝑘𝑡ℎ 

signaling instant can be calculated as, 

 
2( ) | [ ] |k

i i iQ k L =  (9) 

 

Here the term 𝐷𝑖(𝑘) is expressed as, 
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 (10) 

 

It's also worth noting that in the case of a quasi-static 

satellite terrestrial link, the correlation terms 𝜌𝑖 is set to 1, i.e., 

𝜌𝑖 = 1. Therefore, the value of 𝑄𝑖(𝑘) for this specific channel 

condition is given as 𝑄𝑖(𝑘) =
𝜑0

𝜂0
, ∀𝑘 . Similarly, the SNR 

value of the relay r terminal time-selective connection at the 

𝑘𝑡ℎ period of signaling, obtained as, 

 
2( ) | [ ] |

r r r

k

R D R D R DQ k L =  (11) 

 

The instantaneous signal to noise ratio (SNR) for variable 

gain relaying [22] can calculated using Eq. (2) can be 

expressed as: 

 

1

k k n

k n

k k n

S R R DVG

SR D

S R R D

 


 
=

+ +
 (12) 

 

where, 𝛾𝑅𝑘𝐷𝑛
=

𝜑𝑜

𝜂𝑜
|ℏ𝑅𝑘𝐷𝑛

|
2

 and 𝛾𝑆𝑅𝑘
=

𝜑𝑟

𝜂𝑜
‖ℏ𝑆𝑅𝑘

‖
𝐹

2
, Here

F
 is Fresenius norm. 

The instantaneous signal to noise ratio (SNR) for fixed gain 

relaying can be expressed as: 

 

k k n

k n

k n

S R R DFG

SR D
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=

+
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Here the term 𝐶𝑅𝑟𝐷(𝑘) expressed as, 
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As described in earlier sections, the satellite to destination 

and satellite to relay r links are represented as Shadowed-

Rician fading channels [18]. Following these fading 

conditions, the PDF of the instantaneous SNRs 𝛾𝑙
𝑘 , 𝑙 ∈

{𝑆𝐷, 𝑆𝑅1, 𝑆𝑅2𝑆𝑅3, . . . . . , 𝑆𝑅𝑘} in (9) are given by 

 

1 1( ) exp ;1;
( ) ( ) ( )

k
l

l l l

l

l l l

a d x g x
f x F m

Q k Q k Q k

   
= −   

   
 (15) 

 

where, 𝐹1 1(. ; . ; . )  being the confluent Hyper geometric 

function [22] and the quantities la  , ld  and lg  are described as 

𝑎𝑙 =
0.5

𝑏𝑙
(

2𝑏𝑙𝑚𝑙

2𝑏𝑙𝑚𝑙+℧𝑙
)

𝑚𝑙
, 𝑑𝑙 =

1

2𝑏𝑙
 and 𝑔𝑙 =

0.5℧𝑙

2𝑏𝑙
2𝑚𝑙+𝑏𝑙℧𝑙

 

respectively, here 2𝑏𝑙  shows the average power of the 

multipath component, ℧𝑙  shows the average power of the LOS 

term of the system. The symbol 𝑚𝑙 represents the Nakagami 

severity term of path𝑙, here 𝑙 ∈ {𝑆𝐷, 𝑆𝑅1, 𝑆𝑅2𝑆𝑅3, . . . . . , 𝑆𝑅𝑘}. 

It's also worth mentioning that the elevation angle 𝜙𝑙 affects 

the characteristics of the shadowed -Rician LMS fading 

satellite-terrestrial connections, as [20], 

 
8 3 6 2

4 2

4.7943 10 5.5784 10

2.1344 10 3.2710 10 ,
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l l
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− −

−
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 −   −
 

 

In addition to this, the power density function of the 

instantaneous SNRs 𝛾𝑙
𝑘 , 𝑙 ∈ {𝑅1𝐷, 𝑅2𝐷, . . . . , 𝑅𝐾𝐷}  at the 

destination terminal, the user equipment for transmission to 

destination connections through the Nakagami fading relay is 

determined by:
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m s

l l

m s m
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−  
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where, 𝑠𝑙 > 0, �̃�𝑙 ≥ 0.5, 𝛤(. ) represents the Gamma function 

and 𝑝𝑙  is expressed as, 𝑝𝑙 = (
𝑔𝑙

2𝛤(�̃�𝑙)

𝛤(�̃�𝑙+𝑠𝑙
−1)

)
𝑠𝑙

, where 𝑔𝑙
2  is the 

average channel gain. The symbol error rate (SER) analysis 

for a two-phase HSTC system with multiple relays and 

terrestrial node mobility is described in section IV. 

 

 

3. OUTAGE PROBABILITY ANALYSIS 

 

In information theory, outage probability is the probability 

where the given channel capacity will not support the provided 

information rate. This condition occurs when the channel 

capacity is less than the threshold information rate. The 

multipath phenomenon occurs when a transmitted signal, 

received through multiple paths. This phenomenon is one of 

the vital components of wireless communication. Due to the 

specific structure and multipath characteristics of the subway 

tunnel, electromagnetic waves propagation in these spaces is 

different from that of the other confined spaces. And will also 

be looking at the statistical characteristic of the Shadowed- 

Rician fading channel system. 

The channel capacity for slow-fading channel is 𝐶 =
𝑙𝑜𝑔2(1 + ℎ2𝑆𝑁𝑅), where h is the fading coefficient and SNR 

is a signal to noise ratio without fading. As C is random, no 

constant rate is available. There may be a chance that 

information rate may go below to required threshold level.  

For slow fading channel, outage probability = 𝑃(𝐶 < 𝑟) =
𝑃(𝑙𝑜𝑔2(1 + ℎ2𝑆𝑁𝑅) < 𝑟), where r is the required threshold 

information rate. 

For the sake of analytical simplicity, as in [12, 13], we 

consider vector ℏ𝑆𝑅𝑘
 with 𝑖. 𝑖. 𝑑.2 entries. As a consequence, 

(16) Shadowed-Rician fading with integer-valued severity 

parameters is expressed as: 
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With 𝜁(ℓ) = (−1)ℓ(1 − 𝑚𝑙)
ℓ𝑔ℓ

(ℓ!)2  and (. )ℓ  is the 

Pochhammer symbol [16], and obtain the PDF of 𝛾𝑆𝑅𝑘
 as: 
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where, 𝛯(𝑀) = 𝑎𝑀 ∏ 𝜁(𝑖𝑘)𝑀
𝜅=1 ∏ 𝛣(∑ 𝑖𝑙 + 𝑗

𝑗
𝑙=1 , 𝑖𝑗+1 +𝑀−1

𝑗=1

1),  and 𝛣(. , . )  denotes the Beta function [16]. The 

corresponding CDF can be obtained by integrating the PDF in 

(18) with the aid of [16] as: 
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Also, one can evaluate the average using (18) as:  
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The outage probability can be calculated for variable gain 

relaying and fixed gain relaying. 

1) Variable Gain Relaying: The OP for the variable gain 

relaying case can be expressed using (12) as: 

 

, , ,
1

k k n

k k n
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out k n r th
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P
 

 
 

 
=  
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where, 𝛾𝑡ℎ is a predetermined threshold. Based on this (21), 

we may apply the optimal user-relay pair selection approach 

to reduce the OP of the particular HSTC as:  
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1
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The satellite-relay link stays common for N users for a 

specific relay. As a result, the reliance involved here makes 

analysis time-consuming. To counter this, firstly we select the 

best user with the maximum of 𝛾𝑅𝑘𝐷𝑛
 conditioned on a given 

relay 𝑅𝑘  i.e., 𝑛𝑘
∗ = 𝑎𝑟𝑔𝑚𝑎𝑥𝑛=1,...,𝑁 𝛾𝑅𝑘𝐷𝑛

 to obtain 𝑃𝑜𝑢𝑡,𝑘,𝑛𝑘
∗ , 

and then apply order statistics over K  relays to calculate: 
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To proceed, the 𝑃𝑜𝑢𝑡,𝑘,𝑛𝑘
∗  in (23) can be evaluated as: 
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which can further be simplified to: 
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With order statistics, the PDF of 𝛾𝑅𝑘𝐷𝑛𝑘
∗  can be given as: 
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On invoking the CDF 𝐹𝛾𝑅𝑘𝐷𝑛
(𝑥) with series form of ϒ(. , . ) 

[16] and the respective PDF into (26), After that, we use 

binomial and multinomial expansions to get:  
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where the coefficients 𝜔𝑙
𝐽
, for 0 ≤ 𝑙 ≤ 𝐽(𝑚𝑇 − 1`) , can be 

calculated recursively (with 𝜀𝑙 =
1

𝑙!
) as 𝜔0

𝐽 = (𝜀0)𝐽 , 𝜔1
𝐽 =

𝐽(𝜀1) , 𝜔𝐽(𝑚𝑇−1)
𝐽 = (𝜀𝑚𝑇−1)𝐽 , 𝜔𝑙

𝐽 =
1

𝑙𝜀0

∑ [𝑔𝑗 − 𝑙 +𝑙
𝑔=1

𝑔]𝜀𝑔𝜔𝑙−𝑔
𝐽

 for 2 ≤ 𝑙 ≤ 𝑚𝑇 − 1, and 𝜔𝑙
𝐽 =

1

𝑙𝜀0

∑ [𝑔𝑗 − 𝑙 +
𝑚𝑇−1
𝑔=1

𝑔]𝜀𝑔𝜔𝑙−𝑔
𝐽

 for 𝑚𝑇 ≤ 𝑙 < 𝐽(𝑚𝑇 − 1). 

Invoking (19) and (27) into (25) and simplifications using 

[16], then substituting the result into (23), we get 𝑃𝑜𝑢𝑡,𝑘∗,𝑛∗
𝑉𝐺 , as 

given in (28), shown at the bottom of the page, where 𝜅𝑣(. ) is 

the modified Bessel function [16]. 

 

2) Fixed Gain Relaying: From (13), the OP for the fixed 

gain relaying case can be expressed mathematically as: 
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To minimize the OP in (29), we can employ the best relay-

user selection criterion as: 

 

1,..., 1,...,
( , ) arg max max .k k n

k n

S R R D

n N k k
R D

n k
Q

 



 

= =

 
=  

 + 

 (29) 

 

Therefore, as done previously, we treat first the OP with 

only user selection 𝑛𝑘
∗ = 𝑎𝑟𝑔𝑚𝑎𝑥𝑛=1,...,𝑁 𝛾𝑅𝑘𝐷𝑛

 for a given 𝑅𝑘 

as: 
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Consequently, using (19) and (27) in (30), performing the 

simplifications with [16], and then applying the order statistics 

over K relays, we obtain 𝜑𝑜𝑢𝑡,𝑘∗,𝑛∗
𝐹𝐺  as given in (31), as 

explained below, where the parameter D  can be obtained 

from (20) as: 
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 (31) 

 

The expression of the OP that we have derived has a closed-

form representation in contrast to that presented in [13] in the 

form of infinite series in the case of variable gain with single-

antenna satellite and single-relay. In addition to that, our OP 

expressions in (28) and (31) yield exact results over the entire 

SNR region, OP expression in [13] was an upper bound 

scenario that could not lead to optimal results in the low-to-

medium SNR regime. 
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Table 1. Comparative study of outage probability vs SNR for 

fixed and variable gain relaying 

 

Number of relay 

Outage for variable 

gain relaying at 

SNR =15 dB 

Outage for fixed 

gain relaying at 

SNR=15 dB 

Relay Rk=1 5.9×10-1 4.1×10-1 

Relay Rk=2 9.1×10-2 7.5×10-2 

Relay Rk=3 5.2×10-2 3.6×10-2 

Relay Rk=4 3.1×10-2 1.2×10-2 

 

It is observed from Table 1 that increasing the number of 

relays generally reduces the outage probability of the system 

and it happens because of the path loss during the transmission 

between source to destination. But at the same time, the value 

of SNR increases with the increasing the number of the relays 

and with the proper manipulation, we can generate an 

optimum output from the system. The fixed gain relaying 

outperforms the variable gain relaying system. 

 

 

4. SER ANALYSIS  

 

As we are using the Moment generating function (MGF) in 

the HSTC network for calculating the average SER. Here the 

state of the relay r, represented as 𝜉𝑗
𝑘(𝑟) and is expressed as,  

 

0
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1

k

j

if relay r decodes erroneously
r

otherwise
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 (34) 

 

where, 1 ≤ 𝑟 ≤ 𝐾. By utilizing the state of each relay node 

used in the system, the state of the network is expressed as 

𝜉𝑗
𝑘 = [𝜉𝑗

𝑘(1), 𝜉𝑗
𝑘(2), . . . . , 𝜉𝑗

𝑘(𝐾)] , where 0 ≤ 𝑗 ≤ 2𝐾 − 1 

and. 𝜉0
𝑘 = [0; 0; . . . . ; 0] , 𝜉

2𝐾−1
𝑘 = [1; 1; . . . . ; 1]  specifies the 

condition of the networks when all relay nodes decode 

accurately at the same time. In addition, assume a set 𝛹𝑗
𝑘 =
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{𝑟|𝜉𝑗
𝑘(𝑟) = 1, 𝑟 = 1,2, . . . , 𝐾} that incorporates each relay that 

accurately decode the signals of satellite. The cooperative 

system's per-frame over all instantaneous symbol error rate 

conditioned on the CSI 𝛾 =

{𝛾𝑆𝐷
𝑘 , 𝛾𝑆𝑅1

𝑘 , . . . , 𝛾𝑆𝑅𝐾
𝑘 , 𝛾𝑅1𝐷

𝑘 , . . . , 𝛾𝑅𝐾𝐷
𝑘 } computed as, 
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where, 𝛾𝑑 = {𝛾𝑆𝐷
𝑘 , 𝛾𝑅1𝐷

𝑘 , 𝛾𝑅2𝐷
𝑘 , . . . , 𝛾𝑅𝐾𝐷

𝑘 } , 𝛾𝑟 =

{𝛾𝑆𝑅1
𝑘 , 𝛾𝑆𝑅2

𝑘 , . . . , 𝛾𝑆𝑅𝐾
𝑘 }  and 𝑃𝑟(𝑒|𝜉𝑗

𝑘, 𝛾𝑑) represents the 

conditional symbol error rate at the end terminal with state of 

the system as 𝜉𝑗
𝑘 . The quantity 𝑃𝑟(𝜉𝑗

𝑘|𝛾𝑟) represents the 

probability that the state of the system 𝜉𝑗
𝑘  constrain on the 

CSI 𝛾𝑟  and can be evaluated by utilizing the concept, 

connections between the source and relays fade individually 

as, 
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Here the term 𝑃𝑟(𝜉𝑗
𝑘(𝑟), 𝛾𝑆𝑅𝑟

𝑘 )  for 1 ≤ 𝑟 ≤ 𝐾  represents 

the value of the conditional probability with the relay r  which 

is in the state 𝜉𝑗
𝑘(𝑟). The value of the term, determined by the 

connection between the satellite and relay r , that can be 

expressed as, 
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where, 𝑃𝑟(𝑒|𝛾𝑆𝑅𝑟
𝑘 )  shows the probability of the term 𝑥[𝐾] 

which is transmitted in the 𝑘𝑡ℎ period of signaling, the error is 

decoded at relay r node. By utilizing the Eq. (36), the 

probability 𝑃𝑟(𝜉𝑗
𝑘|𝛾𝑟) in (35) will be written as, 
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where, �̄�𝑗
𝑘 = {𝑚|𝜉𝑗

𝑘(𝑚) = 0, 𝑚 = 1,2, . . . , 𝐾}  is the 

compliment of the set 𝛹𝑗
𝑘 and also includes all the transmitted 

term 𝑥[𝐾]  accurately. Substituting the Eq. (37) with 

𝑃𝑟(𝜉𝑗
𝑘|𝛾𝑟) ) in (34), the value of per-frame instantaneous 

symbol error rate at the destination expressed as, 
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Generalizing the expression (38) over the PDF of the SNRs 

𝛾𝑆𝐷
𝑘 , 𝛾𝑆𝑅𝑟

𝑘 , 𝛾𝑅𝑟𝐷
𝑘  in (15), (16), the per-frame average symbol 

error rate at the end terminal for the HSTC system expressed 

as, 
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Here 𝐸𝛾{. } is the expectation over the PDF of γ. It's worth 

noting that as long as all the nodes are geographically 

separated, all of the probability components in the preceding 

expression equation (39) are independent. As a result, the 

average SER may be evaluated using the moment-generating 

function (MGF) approach, which takes into account the 

individual expectations of all terms. The expressions [Eq. (10), 

[22]] will be written as, 
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where, 𝑀
𝛾𝑆𝐷

𝑘 +∑ 𝛾𝑅𝑟𝐷
𝑘

𝑟∈𝛹𝑗
𝑘

(. )  denotes the MGF of the 

instantaneous SNR at the destination, the other parameters that 

are used in M-ary PSK type of modulation are illustrated 

as𝛩1 =
(𝑀−1)

2𝑀
−

1

6
, 𝛩2 =

1

4
, 𝛩3 =

(𝑀−1)

2𝑀
−

1

4
, 𝛥1 = 𝑠𝑖𝑛2(𝜋/𝑀), 

𝛥2 =
4 𝑠𝑖𝑛2(𝜋/𝑀)

3
 and 𝛥3 =

𝑠𝑖𝑛2(𝜋/𝑀)

𝑠𝑖𝑛2((𝑀−1)𝜋/𝑀)
. Furthermore, when 

the MGF condition was applied to the sum of non-identical 

and independently distributed random variables, the previous 

formula is transformed into, 
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where, ( )k
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  and ( )k
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  are expressed as, 
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Similarly, the term 𝐸
𝛾𝑙

𝑘{𝜑𝑟(𝑒|𝛾𝑙
𝑘)}, 𝑙 = {𝑆𝑅𝑚, 𝑆𝑅𝑟} in (40) 

can be expressed as, 
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where 
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Finally, we obtain the end-to-end per-frame average value 

of the SER equation for the two-phase selective decode and 

forward cooperative satellite-terrestrial system as specified in 

(47), by replacing the equations from (41) and (44) in (39), 

where 𝑀
𝛾𝑆𝐷

𝑘 (𝛥𝑙), 𝑀
𝛾𝑅𝑟𝐷

𝑘 (𝛥𝑙)𝑎𝑛𝑑𝑀
𝛾𝑙

𝑘(𝛥𝑙), 𝑙 = {𝑆𝑅𝑚, 𝑆𝑅𝑟} are 

given in (42), (43) and (45) respectively. 

 

2

3

1

1 3

1 0 1

3

1

( ) ( )

1
( ) ( )

1 ( )

k k
SD R Drk

j

b

k
SRmk

j

k
SRrk

j

l l l

l r

N K

r l l

k j lmb

l l

lr

M M

e M
N

M

 







= 

−

= = =

=

  
    
   
 

  
=    

  
  
 −   
  
 

 

 



 (47) 

 

Table 2. Comparison of Per-frame symbol error rate vs SNR 

for different elevation angle SD  

 

Elevation 

angle ϕSD 

SER for ϕSR=ϕRD=ϕSD 

at SNR =20. dB 

SER for ϕSD=ϕSR=ϕRD 

at SNR=30. dB 

20º 5.0×10-3 1.6×10-4 

40º 6.0×10-4 8.3×10-6 

60º 1.0×10-4 5.0×10-7 

80º 2.0×10-5 1.7×10-8 

 

As we can see from the Table 2, that by increasing the angle 

of elevation, there is a significant improvement in the overall 

system performance. As high angle of elevation is providing 

suitable channel conditions in the satellite-terrestrial links also. 

And at the same time, the end terminal showed a considerable 

decrease in the error rate along with some FHS. This table 

shows how by changing the angle of elevation of the satellite 

of we can manipulate the symbol error rate (SER) with the 

fixed static and mobile conditions. It clearly shows that at the 

low elevation angle we are getting a degrade in the symbol 

error rate(SER) that is the overall system performance.  

 

 

5. SIMULATION RESULTS 

 

This section shows the simulation results for determining 

the HSTC system's performance in various mobility scenarios, 

as well as validating the analytical expression for every frame 

the average symbol error rate. For the utilization in simulation, 

considering the transmission of Quadrature Phase Shift 

Keying (QPSK) modulated variables i.e. 𝑀 = 4  with 𝐾 =
1 𝑡𝑜 4 relays considering that 𝜑0 = 𝜑1 = 𝜑2 = 𝜑3 i.e. power 

allocated is equal with the average signal to noise ratio (SNR) 

defined as 
𝜑

𝜂0
 and power of noise 𝜂0 = 1. The different system 

parameters are set as, 𝑁𝑏 = 100 , angles of 

elevation 𝜙𝑆𝐷 , 𝜙𝑆𝑅1
, 𝜙𝑆𝑅2

∈ {20∘, 30∘, 40,50∘, 60,80∘} , 

Nakagami severity coefficients �̃�𝑅1𝐷 = �̃�𝑅2𝐷 = �̃�𝑅𝐷 = 0.5 

with 𝑠𝑅1𝐷 = 𝑠𝑅2𝐷 = 1𝑠𝑅1𝐷 = 𝑠𝑅2𝐷 = 1  and the value of 

average gain as unity for Nakagami faded terrestrial channel 

connections, 𝑓𝑐 = 5.9𝐺𝐻𝑧 ,ℜ𝑐 = 9.5𝐾𝑏𝑝𝑠 , 𝐿 = 1 , the value 

of the correlation terms 𝜌𝑆𝐷 = 𝜌𝑆𝑅1
= 𝜌𝑆𝑅2

= 𝜌𝑅1𝐷 = 𝜌𝑅2𝐷 =

𝜌 ∈ {0.9947,0.9981,0.9997}  correspondingly the relative 

speed is 25, 15, 6 mph . The error components arising from 

node mobility have a value of variance set as 𝜎𝑒𝑆𝐷
2 = 𝜎𝑒𝑆𝑅𝑟

2 =

𝜎𝑒𝑅𝑟𝐷
2 = 𝜎𝑒

2 = {0.1,0.01}, ∀𝑟. 

 

 
 

Figure 2. Outage probability for variable gain relaying in 

HSTC Network 

 

In Figure 2, we plotted the outage curves for the variable 

gain relaying under various channel conditions and system 

configurations. The analytical curves are drawn using (28) and 

founded to be aligned with the simulation results. For instance, 

as relay increases from 1 to 4, the slope of the curves changes, 

and the system outage performance improves significantly in 

the high SNR regime. While, the system diversity order is 

unaffected by changes in the satellite connection parameters 

(𝑚𝑠, 𝑏𝑙, ℧𝑙), as shown analytically. We can also see that under 

a high shadowing situation, the performance is substantially 

harmed because of the satellite link parameters affect the 

system coding gain. 

 

 
 

Figure 3. Outage probability for fixed gain relaying in HSTC 

Network 

 

Figure 3 depicts the OP curves for fixed gain relaying with 

same settings as used previously. We can see that the 

analytical curves corresponding to computation from (31) 

agree well to the simulation results. Herein, the value of fixed 

gain C is computed using (32) for exact results. On comparing, 

one can see that the fixed gain relaying attains the same 

diversity order and has a comparable performance to that of 

variable gain relaying. However, the relative difference in 

performance can be attributed to their different coding gains, 

as reflected from the above example. 
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Figure 4. The effect of elevation angles of the satellite on 

symbol error rate (SER) in a situation where all connections 

are quasi-static i.e., ρ=1 and the different angel of elevation 

are equal i.e. 𝜙𝑆𝐷 = 𝜙𝑆𝑅 = 𝜙𝑅𝐷. 

 

Figure 4 depicts the effect of elevation angles of the satellite 

on the system's overall performance in a situation where all 

connections are quasi-static i.e., ρ=1 and different angle of 

elevations are equal i.e. 𝜙𝑆𝐷 = 𝜙𝑆𝑅 = 𝜙𝑅𝐷 . As may be 

observed in Figure 4, increasing elevation angles improves 

end-to-end performance significantly. It happens because high 

elevation angles produce good channel conditions with 

infrequent light shadowing (ILS) in satellite-terrestrial 

communications. As a result, the analytical values derived 

using the formula from (46) are similar to the simulation 

results, suggesting that the analytical framework established is 

accurate. 

 

 
 

Figure 5. The effect of elevation angles of the satellite on 

symbol error rate (SER) in a situation where all connections 

are quasi-static faded i.e., 1 =  and satellite to destination 

elevation angles 𝜙𝑆𝐷 ∈ {20∘, 40∘, 60∘, 80∘} and 𝜙𝑆𝑅 =
𝜙𝑅𝐷 = 30∘ 

 

Figure 5 depicts the effect of elevation angles of the satellite 

on the system's overall performance in a situation where all 

connections are quasi-static in nature i.e., ρ=1 and satellite to 

destination elevation angles 𝜙𝑆𝐷 ∈ {20∘, 40∘, 60∘, 80∘}  and 

𝜙𝑆𝑅 = 𝜙𝑅𝐷 = 30∘. The effectiveness of selective decode and 

forward-based collaboration in the Hybrid satellite-terrestrial 

cooperative (HSTC) network with time-selective satellite to 

destination links, relay to destination links, and satellite to 

relay links. In compared to the case where every connection 

undergoes quasi-static fading. i.e., ρ=1, it was discovered that 

time-selective fading caused by node mobility has a 

substantial impact on overall performance. As may be 

observed in Figure 5, increasing elevation angles improves 

end-to-end performance significantly. It happens because high 

elevation angles produce good channel conditions with 

infrequent light shadowing (ILS) in satellite-terrestrial 

communications. Furthermore, when relative speed increases, 

the degree of deterioration also increases, which may be 

illustrated by the diminishing channel correlation.  

 

 

6. CONCLUSIONS 

 

The performance evaluation for a selective DF cooperative 

hybrid satellite-terrestrial system with multiple relays is 

described and analyzed in this paper, where links in between 

satellite and the relay are assumed to be non-identical time-

selective shadowed Rician faded and the link between relay 

and the destination terrestrial node is assumed to be non-

identical time-selective over simplified Nakagami faded. 

Closed-form equations have been found for the per-frame 

average symbol error rate (SER) and the outage probability of 

HSTC systems. Simulation findings prove the influence of 

terrestrial node mobility and angle of elevation of the satellite 

on end-to-end performance (satellite and destination terrestrial 

node). The error rate of the HSTC is significantly low by 

increasing the elevation angle of the satellite on the relay point.  
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