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ABSTRACT

This paper provides closed form expressions for the evaluation of the end-to-end outage probability, symbol 

error rate, bit error rate and average capacity of the partial-based Decode-and-Forward (DF) relay selection scheme 

with an arbitrary number of relays. In a comparison with the performance of systems that exploit Amplify-and- 

Forward (AF), it can be seen that the performance of our proposed protocol converges to that of partial-based 

AF relay selection in high SNR regime. We also perform Monte-Carlo simulations to validate the analysis.
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Ⅰ. Introduction

Achieving spatial diversity through the use of 

relaying transmission is a promising, recently evolved 

concept that serves as a substitute of the common 

diversity techniques, especially when transmitting 

or receiving from multiple antennas is unfeasible. 

In most recent publications on the cooperative 

diversity networks
[1][2], a distributed relay selection is 

proposed for a two-hop AF (or DF) system that 

can obtain full diversity order, where the selected 

criterion is the best instantaneous SNR composed 

of the SNR across the two-hops. The only dis-

advantage of this system is the need for perfect 

time synchronization and centralized processing 

approach. In addition, in some resource-constrained 

wireless systems (especially, ad-hoc or wireless 

sensor networks), time synchronization and moni-

toring the connectivity among nodes requires feed-

back channels which mean frequent update, an 

extra computation burden and a high power con-

sumption
[3][4].

To overcome such problem, in [5], Krikidis et. 

al. proposed an AF relaying where the best relay 

is selected based on partial channel state infor-

mation (i.e., only neighboring (1 hop) channel infor-

mation is available to the nodes). Also in [5], the 

statistical behavior of the systems also was provi-

ded and confirmed by numerical results. 

Besides the AF protocol, an important relaying 

scheme which also has attracted research interest 

is Decode-and-Forward. To the best of the authors' 

knowledge, there is no published work concerning 

the performance of fixed DF relays with partial relay 

selection operating over Rayleigh fading channels.

Motivated by all of the above, in this letter, we 
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investigate the performance of the partial-based DF 

relay selection scheme where the relay selection 

follows the best link between the source and the 

relay and the best relay only participates in the 

relaying. We also study the impact of signal pro-

cessing techniques at the relays on the performance 

of the system by comparing a system that uses 

AF
[5] to one that uses DF. In addition, a practical 

aspect of relay detection, i.e., without assuming 

that relays can perfectly detect the cyclic redundancy 

code (CRC) of received signals is considered in 

the paper. 

The remaining of this paper is organized as 

follows. Section II presents the system model and 

performance analysis of the system including the 

closed form expressions of the outage probability, 

symbol error probability, bit error probability and 

spectral efficiency. Numerical results are performed 

in section III. Finally, the conclusions are given 

in section IV.

Ⅱ. System model

We consider a wireless relay networks consisting 

of one source (S), N relays   with   ⋯ 

and one destination (D). Each node is equipped 

with single antenna and operates in half-duplex 

mode. It is assumed that the destination is not 

able to receive signals from the source directly, 

which may result from high shadowing between 

the source and the destination. However, the relays 

can communicate with both the source and the 

destination.

The communication occurs in two hops. In the 

first hop, the source broadcasts the information to 

N relays. In the second hop, selection diversity is 

applied, i.e., only the relay whose link in the first 

hop has highest SNR to be chosen for forwarding 

the information to the destination. 

It is assumed that every channel between the 

nodes experiences slow, flat, Rayleigh fading. Due 

to Rayleigh fading, the channel powers in two hops, 

denoted by   
 and   

 are in-

dependent and exponential random variables whose 

means are   and  , respectively. The average 

transmit power for the source and the best relay 

in the first and second hop are denoted by  

and , respectively. Let us define the instantaneous 

signal-to-noise ratio (SNR) for →  and → 

links as     and    , respectively.

In this letter, we deal with a network in which 

relays are grouped into a cluster where the chosen 

criterion is based on average SNRs. Furthermore, 

the cluster has been selected by a long-term routing 

process to perform the communication between the 

source and the destination. Hence this system model 

ensures that all channels from →  and → 

have the same average channel power, i.e., 

  
  and   

  for all .

It is assumed that the receivers at the destina-

tion and relays have perfect channel state infor-

mation but no transmitter channel state informa-

tion is available at the source and relays. 

This paper focuses on decode-and-forward pro-

tocol which is one of the simple cooperative com-

munications protocols
[6]. It is noticed that the relay 

can forward incorrectly decoded signals to the 

destination. Hence, according to [7, Property 1], 

for any modulation scheme the dual-hop →→ 

channel can be modeled as an equivalent single 

hop whose output SNR   can be tightly approxi-

mated in the high SNR regime as follows: 

  (1)

where  and  denote the instantaneous SNRs 

of the links from the source to the best relay and 

from the best relay to the destination, respectively, 

with  is defined as 

  ⋯  (2)

If the branches from the source are indepen-

dently faded, then order statistics give the cumula-

tive distribution function (CDF) as

   ≤  ≤  




  (3)
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where     is the corresponding CDF of . 

We know that the joint probability density function 

(pdf) of  is given by differentiating (3) as

(4)

where, for all ,   are independent and identi-

cally distributed (i.i.d.) exponential random variables 


  then

    



 ,  ≤   

 (5)

Substituting (5) into (4), we obtain:

   













 




(6)

The corresponding CDF of  is obtained by 

integration of (6) between 0 and  as 

  




 
 (7)

In addition, in a flat Rayleigh fading channel, 

the pdf and CDF of  can be expressed as 

follows:

   



  ,   

 (8)

Under the assumption that two hops are subject 

to independent fading, the joint pdf of   is 

given by [8, p. 194, eq. (6-81)]:

(9)

Substituting (6)-(7) & (8) into (9), the pdf of 

  can be obtained as

 




 
 (10)

where   

 .

It is worth remarking that the pdf of   

agrees exactly with that in [5, eq. (13)] for 

partial-based AF relay selection. Therefore, it is 

expected that partial-based DF relay selection and 

partial-based AF relay selection have the same 

high SNR performance, especially considering their 

outage probability, average SER, average BER 

and achievable spectral efficiency, which are in-

vestigated as follows:

2.1 Outage Probability 

The outage event occurs when 


  

is less than the end-to-end spectral efficiency R in 

bps/Hz. Note that the ratio 1/2 is included to 

reflect that the source-to-destination information 

transmission via relays takes place in two time 

slots. Then, the outage probability of DF relay 

system is derived by integrating the pdf of   as

(11)

By interchanging the integral and summation, 

(11) can be expressed as

 




  


   (12)

2.2 Symbol Error Rate
Using moment generating function (MGF) app-

roach
[9], we derive the closed-form expression of 

SER for DF relay systems. In this paper, we 

consider only M-ary phase shift keying signals 

(M-PSK) for SER and square M-QAM for BER 

 







  






  
 









   

 




  






   
≠



 ≤ 

  


    

       
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with illustrative purpose. However, the closed-form 

expression of SER and BER for other modulation 

schemes can be obtained in the same manner. In 

particular, the SER of our relay selection scheme 

for M-PSK modulation can be given by 

  
 






  (13)

where   
  and    is the MGF 

of   defined as   
. 

Taking the expectation with respect to the 

random variable   whose pdf is given in (10) 

yields the result of  and then substituting it 

into (13), we obtain the closed-form expression 

for SEP after some simple manipulation as follows 

[9, p. 142, eq. (5.79)]:

(14)

where   
.

2.3 Bit Error Rate
The BER of the system over Rayleigh fading 

channels for M-ary square quadrature amplitude 

(M-QAM) modulation ( with  ) 

with Gray mapping can be given as [10]

 


∞












     (15)

where 

  
,  


, 


  

⌊

 ⌋


 ⌊


 

⌋
.

Furthermore, we define ⌊⌋and erfc(.) as the 

floor and complementary error function, respectively. 

Substituting (10) into (15) and taking the integral 

with respect to , we achieve the closed-form 

expression for BER as follows:

  
 




 





  



   









 


  




(16)

Although the expression for  in (16) enables 

numerical evaluation of the system performance, 

this expression does not offer insight into the 

effect of the different parameters (e.g., the number 

of relays (N), average channel power of the links 

in the network) that influence the system perfor-

mance. Aiming at expressing  in an asymptotic 

form in such a way we can see the behavior of 

the system as  →∞. To do so, applying [11, 

p. 14, eq. (3.5.8)], (16) can be easily rewritten 

and approximated as

(17)

However, from binomial theorem [11, p.10], we 

know that: 




   
   
  

. Hence, 

(17) can be expressed as follows: 

 




























    


















  

(18)

From (18), it can clearly be seen that   does 

not involved in the evaluation of  in case of 

  and the diversity order of the system is 

equal to one regardless of any values of N. 

Moreover, at sufficiently high SNR regime and 

having more than one relay helping the source, 

the performance of the system depends only the 

link from the relay to the destination. It means 

  











 



 





 

 




≈ 











 



 



 

 




 
 






 

 







 


×










 
 ×
















 





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that neither number of relays nor average channel 

power of links between source and the relays 

does take effect in the performance of the system. 

2.4 Average Capacity
Average capacity is one of the important infor-

mation theoretic measures of the system. Here, 

the average capacity of the system is considered 

and can be obtained by averaging the instantaneous 

capacity over the fading distribution as follows:

 
















 




 


(19)

where B is the channel bandwidth in Hz and 

 


∞

 is an incomplete Gamma 

function [11, p. 260, eq. (6.5.3)].

Ⅲ. Numerical Results

Using the analysis presented in Section II, many 

performance evaluations will be presented and will 

be compared with simulation results. For simpli-

city, we assumed that the average transmit SNRs 

for all transmit nodes in two hops are equal, i.e., 

  . We consider the system with 1, 3 and 5 

relays with    and    for all .

From Fig. 1 to Fig. 4, the performances of the 

partial-based relay selection with difference diver-

sity processing techniques at relays (AF [5] or 

DF) are illustrated and compared. 

Fig. 1 shows the outage probability as a func-

tion of SNR for the system at the end-to-end spe-

ctral efficiency  bps/Hz. Figs. 2 and 3 show 

the average SER for 8-PSK and average BER for 

16-QAM of the relaying system with different num-

bers of cooperative nodes. As shown in the figures, 

the performance of the system with the improve-

ment of the outage probability, average SER or 

average BER is not be proportional to the number 

of relays. In addition, the performance of the 

proposed protocol operating with more than two 

Fig. 1. Outage probability for partial-based relay selection 
system (R=1bps/Hz,     for all i).

Fig. 2. SER for partial-based relay selection system 
(    for all ).

Fig. 3. BER for partial-based relay selection system 
(    for all i).

relays  will converge at high SNR region 

and will improve only around 3 dB compared 

with that of conventional relaying link    . 

The average capacity for the system is also 

illustrated in Fig. 4. Our analytical results and the 

simulation results are in excellent agreement in 
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Fig. 4. Average capacity for partial-based relay selection 
system (    for all i).

high SNR regime. It is obvious to observe that 

under same channel conditions, the large SNR 

performance of the partial-based DF relay selection 

system is identical to that of the partial-based AF 

relay selection system. 

Ⅳ. Conclusion

This paper presented the partial-based DF relay 

selection and derived its closed-form expressions 

of outage probability, average SER, average BER, 

and average capacity over Rayleigh fading channels. 

Simulation results are in excellent agreement with 

the derived results. Our analytical expressions are 

general and offer a convenient way to evaluate the 

system performance without time-consuming computer 

simulations. Moreover, our analysis reveals an 

interesting result for this relaying protocol: the 

performance of partial-based DF relay selection 

converges to that of partial-based AF relay 

selection in high SNR regime. 

References

[1] A. Bletsas, H. Shin and M. Z. Win, 

“Cooperative communications with outage- 

optimal opportunistic relaying”, IEEE Tran-

sactions on Wireless Communications, Vol.6, 

No.9, pp.3450-3460, Sept. 2007.

[2] S. S. Ikki and M. H. Ahmed, “Performance of 

multiple-relay cooperative diversity systems 

with best relay selection over rayleigh fading 

channels”, EURASIP Journal on Applied Signal 

Processing, Vol.2008, 2008.

[3] H. Karl and A. Willig, Protocols and archi-

tectures for wireless sensor networks, Wiley, 

Hoboken, NJ, 2005.

[4] J. N. Al-Karaki and A. E. Kamal, “Routing 

techniques in wireless sensor networks: A 

survey”, IEEE Transactions on Communica-

tions, Vol.11, No.6, pp.6-28, Dec. 2004.

[5] I. Krikidis, J. Thompson, S. McLaughlin and 

N. goertz, “Amplify-and-forward with partial 

relay selection”, IEEE Communications Letters, 

Vol.12, No.4, pp.235-237, 2008.

[6] J. N. Laneman, D. N. C. Tse and G. W. 

Wornell, “Cooperative diversity in wireless net-

works: Efficient protocols and outage behavior”, 

IEEE Transactions on Information Theory, 

Vol.50, No.12, pp.3062-3080, Dec. 2004.

[7] T. Wang, A. Cano, G. B. Giannakis and J. N. 

Laneman, “High-performance cooperative de-

modulation with decode-and-forward relays”, 

IEEE Transactions on Communications, Vol.55, 

No.7, pp.1427-1438, Jul. 2007.

[8] A. Papoulis and S. U. Pillai, Probability, random 

variables, and stochastic processes, McGraw- 

Hill, Boston, 2002.

[9] M. K. Simon and M.-S. Alouini, Digital 

communication over fading channels, John 

Wiley & Sons, Hoboken, N.J., 2005.

[10] K. Cho and D. Yoon, “On the general ber 

expression of one- and two-dimensional ampli-

tude modulations”, IEEE Transactions on 

Communications, Vol.50, No.7, pp.1074-1080, 

Jul. 2002.

[11] M. Abramowitz, I. A. Stegun and Knovel 

(Firm), “Handbook of mathematical functions 

with formulas, graphs, and mathematical tables”, 

pp. xiv, 1046 p., U.S. Dept. of Commerce: U.S. 

G.P.O., Washington, D.C., 1972.

www.dbpia.co.kr



논문 / 레일리페이딩 환경에서 복호 후 재전송 방식을 위한 부분적 릴레이 선택방식 연구

529

보 뉘웬 쿽 바오 (Vo Nguyen Quoc Bao) 정회원

2002년 2월 호치민 전자통신공

학과 졸업

2005년 7월 호치민 전자통신공

학과 석사

2007년 3월~현재 울산대학교 

전기전자정보시스템 공학부 

박사과정

<관심분야> 협력통신, 모듈레이션, 채널 부호화, 

MIMO, 디지털 신호 처리

공 형 윤 (Hyung Yun Kong) 정회원

1989년 2월 미국 New York 

Institute of Technology 전자

공학과 졸업

1991년 2월 미국 Polytechnic 

University 전자공학과 석사 

1996년 2월 미국 Polytechnic 

University 전자공학과 박사 

1996년~1996년 LG전자 PCS 팀장

1996년~1998년 LG전자 회장실 전략 사업단

1998년~현재 울산대학교 전기전자정보시스템공학부 

교수

<관심분야> 모듈레이션, 채널 부호화, 검파 및 추정

기술, 협력통신, 센서 네트워크

www.dbpia.co.kr


	레일리페이딩 환경에서 복호 후 재전송방식을 위한 부분적 릴레이 선택방식 연구
	ABSTRACT
	Ⅰ. Introduction
	Ⅱ. System model
	Ⅲ. Numerical Results
	Ⅳ. Conclusion
	References


