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레일레이 페이딩 채널에서 CSI 지연을 갖는 증가 최적 

릴레이 선택 시스템 

Incremental Best Relay Selection System with Outdated CSI in 

Rayleigh Fading Channels

김남수*

Nam-Soo Kim

요  약  최근에 스펙트럼 효율과 전력절약을 위해서 협동 다이버시티 구조의 증가 최선 릴레이 선택법이 제안되었다. 

그러나 최선 릴레이를 선택하는 과정에서 실제 데이터 전송 시와 채널 예측 시에 시간적인 지연이 발생하게 된다. 결
국 이 지연으로 말미암아 지연된 채널 정보를 갖게 된다. 이 논문에서는 지연된 채널 정보가 증가 최선 릴레이 선택 
다이버시티 구조에 미치는 영향을 해석적으로 유도하였다. 시스템 성능은 상관계수가 감소할수록 급격히 나빠짐을 알 
수 있었다. 시스템 성능은 상관계수가 1에서 0.9로 감소할 때 성능 저하가 가장 컸으며, 상관계수가 점차 작아질수록 
성능 저하는 다소 완만하였다.

Abstract  Recently, for spectral efficiency and power saving, an incremental best relay selection of a 
cooperative diversity scheme is proposed. However during the best relay selection process, there may exist a 
delay between channel estimation and actual data transmission. Consequently, this delay causes outdated channel 
state information (CSI). We analytically derive the effect of the outdated CSI to an incremental best relay 
selection diversity scheme. It is noted that the system performance deteriorates with decreasing the value of the 
correlation coefficient sensitively. When the correlation coefficient reduces from 1 to 0.9, the most performance 
degradation is denoted. However, the performance degradation is diminished with decreasing the correlation 
coefficient. 
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Ⅰ. Introduction

MIMO system has attractive features such as 

spectral efficiency and performance improvement for 

mobile environments[1],[2]. However it has the hardware 

complexity and requires the space to install several 

antennas at transmitter and/or receiver for spatial 

diversity in wireless fading channel. Especially, a small 

mobile station has size limit for multiple antennas. 

Recently, cooperative diversity has been highly focused 

for diversity 

gain and less power consumption by adapting 
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spatially independent relays which have usually single 

antenna instead of multiple antennas[3],[4]. Especially in 

a parallel relay cooperation, the relays (usually the 

multiple relays) which satisfy the transmit condition 

forward the information to a destination for spectral 

efficiency. It is well known that the multiple active 

relays improve the diversity gain, however, decrease 

the spectral efficiency
[5]-[7].

Very recently, to overcome this inefficiency an 

incremental best relay selection
[4],[8]-[10] which selects 

only one indirect (source-relay-destination) path is 

proposed. In [9], the lower bound of the end-to-end 

outage probability is considered under the assumption 

that the selected best relay is not in outage. More 

accurate closed form of the end-to-end outage 

probability expression is investigated in [10]. 

However, the incremental best relay selection for 

proactive scheme has to know all the exact 

instantaneous channels (i.e., between a source and a 

destination (S-D), a source and relays (S-R), and 

relays and a destination (R-D) channels) to select the 

best relay. And after the best relay selection process, 

the selected relay transmits the received information to 

a destination. Unfortunately, there may exist a delay 

between channel estimation and actual data 

transmission at the selected best relay. In other words, 

the instantaneous channel state information (CSI) used 

in relay selection can substantially differ from that of 

the current CSI at the data transmission, hence it 

causes the outdated CSI problems. It is well known the 

outdated CSI deteriorates the system performance[11],[12].

The effect of outdated CSI on a relay selection 

between R-D paths has been studied in [12], [13]. 

However, those opportunistic relay schemes, which 

select the best relay between R-D paths, only include 

the effect of outdated CSI to the R-D paths. To the 

best of our knowledge, the effect of the delayed CSI to 

the whole S-R-D paths of an incremental best relay 

selection scheme has not been considered in the 

literature. 

Therefore, in this paper we derive the closed-form 

expression of the end-to-end outage probability of an 

incremental best relay selection scheme with outdated 

CSI in fading channel. Also we derive the probability 

density function (pdf) of each hop with outdated CSI 

which can be applied to the other diversity combining 

schemes. We assumed each channel has an independent 

and identically distributed Rayleigh fading channel and 

each relay has decode-and-forward (DF) protocol.

The remainder of this paper is organized as follows. 

In section II we introduce the system model of an 

incremental cooperative diversity scheme. The outage 

probability of the scheme with outdated CSI is derived 

analytically in section III. Finally, the numerical 

examples are depicted in section IV, and concluding 

remarks are given in section V. 

Ⅱ. System model 

Fig.1 shows an incremental best relay selection 

cooperative diversity system with a source (S), a 

destination(D) and   relays. (     ) 

denotes the   relay. And the slotted line denotes 

the selected best relay path. We assume independent 

and identically distributed Rayleigh fading across all 

links.  ,   and   denote the channel gain 

between S and , S and D, and   and D, 

respectively.

S

R

D

1R

2R

3R

KR

Best relay path

Selected best 
relay

Fig 1. System model
그림 1. 시스템 모델 
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Hence,    ,     and 

    denote the instantaneous SNR 

between S and , S and D, and   and D, 

respectively. Where   represents the transmit energy 

per symbol and   is the noise power spectral density. 

Therefore, the average received SNR is given by 

     ,     , and     , 

where ∙  denotes the expectation operator. 

During the first hop, S broadcasts its information to 

D as well as   relays. If the received SNR exceeds a 

predetermined threshold at D, the transmission is 

completed. Otherwise, D sends a binary feedback to the 

source and the best relay selection process is started. 

The selection process of the best relay is based on the 

SNRs across the two hops of each relay. In the second 

hop, the best relay retransmits the received information 

to the destination. The best relay selection is performed 

jointly as follows [9];

 

(a) Firstly, for each relay link, select minimum SNR 

link, 

     1 2min{ , } , , ...,k Sk kD for k Kγ γΛ = = (1)

(b) Secondly, select the best relay   across the 

relays, 

1 2
*

, ,...,
max { }kk k K

γ
=

= Λ
(2)

 

The received information both from the source and 

the selected best relay are combined using 

Maximal-ratio-combining (MRC) receiver at D. 

Ⅲ. Performance Analysis

According to the Jake’s scattering model, the 

channel gain between the source and the   relay 

  and its estimated(delayed) value 
  follow a joint 

complex Gaussian distribution with correlation 

coefficient    , where ∙  denotes 

the zero-order Bessel function of the first kind,   is 

the Doppler frequency,   stands for the time delay of 

the   relay. The received SNR of the   relay 

  conditioned on its delayed SNR 
  follows a 

non-central chi-square distribution which is given by 

[11].
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where we assume each relay has same correlation 

coefficient     and where   denotes the 

order modified Bessel-function of the first kind,
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Therefore the probability density function (pdf) of 

the SNR between the best relay and the destination 

(R-D path) can be written by 
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where the inner integral is the pdf of the delayed 

SNR 

, which is given by [10]
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By replacing Eq. (6) into Eq. (5), and by using the 
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identities of Eq. 6.614.3, Eq. 9.220.2 and Eq. 9.215.1 in 

[14], the pdf can be obtained by
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where  

 
  . As a special case 

of  , the delayed SNR 



 equals 


 (i.e., 





 




), hence Eq. (7) corresponds to Eq. (6). The 

pdf of the SNR between the source and the best 

relay(S-R path), 



  , can be easily obtained by 

replacing    and    with    and    , respectively. 

Cumulative density function(CDF) of



 can be easily 

derived from Eq. (7), which is written by 
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Similarly the CDF of 

  can be obtained from Eq. 

(8) by replacing    and 
   with 

   and 
 , 

respectively.

Assume, each channel has equal average channel 

gain where             and    . 

With this assumption, the CDF 
∙  is identical to 



∙ ,
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∙ ∙ , and is 

written by
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The outage probability of the incremental relay 

system can be written by 
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( )

1

1        

*

* *

Pr Pr

Pr , ,

out sd sr

sd sdsr r d

P γ γ

γ γ γ γ

= < Γ < Γ

+ > Γ < Γ + < Γ (10)

 

where   
 ,   , and   is the 

transmission rate in bit per second per Hz(bps/Hz). 

And where
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In Eq. (10), the probability term of 

       for ≤   can be 

approximated by [15]
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With this approximation, the outage probability of 

Eq. (10) can be derived by 
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Replacing Eq. (8) into Eq. (14), and rearranging, we 

can obtain
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By substituting Eq. (11), Eq. (12), and Eq. (15) into 

Eq. (10), we can have a closed-form expression for the 

end-to-end outage probability of the incremental- 

best-relay DF cooperative diversity with outdated CSI 

over Rayleigh fading channels. As a special case of 

correlation coefficient     that means there is no CSI 

delay, Eq. (15) is identical to Eq. (13) of [10] which 

does not include the effect of the CSI delay.

Ⅳ. Numerical examples
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Fig 2. Outage probability for different values of 
correlation coefficient (, )

그림 2. 상관계수에 따른 오수신율 (, )

Fig.2 shows the outage probability for different values 

of correlation coefficient ( , ). It is 

noticed that the less correlation between thereal 

channel and the delayed channel increases the outage 

probability. When the correlation coefficient becomes 1, 

0.9, 0.8 and 0.6, the required average SNR to satisfy the 

outage probability of ×  is 22.0 dB, 28.6 dB, 31.5 

dB, and 33.5 dB, respectively. As the correlation 

coefficient decreases from 1 to 0.9, the required SNR 

increases 6.6 dB for the outage probability of ×  

in Fig.2. However the required SNR decreases as the 

correlation coefficient decreases.

With this observation, we can conclude that the 

delay of CSI affects to the performance sensitively. To 

improve the performance of an incremental relay 

system, it is necessary that the delay time has to be 

minimized for high correlation between the real and the 

delayed channels.

Fig.3 shows the outage probability for different 

number of relays with  . As we expected, 

the performance improves with the number of relays. 

On the other hand, when the number of relays is 4, 6, 

8 and 10, the required average SNR to satisfy the 

outage probability of ×  is 31.2 dB, 30.1 dB, 29.2 

dB, and 28.6 dB, respectively, with correlation 

coefficient of 0.9. However with the correlation 

coefficient  , the required SNR is 25.9 dB, 24.0 dB, 

22.8 dB, and 22.0 dB. This tendency shows that the 

performance improvement with increasing number of 

relays accentuates as the correlation coefficient grows.
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Fig 3. Outage probability for different number of 
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그림 3.  값에 따른 오수신율 ( )
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Ⅴ. Conclusions

Cooperative diversity system which is applied to the 

relaying system has diversity gain in fading channel, 

hence it is highly focused for power saving and 

network reliability in ad-hoc networks. 

However, performance of an incremental best relay 

selection cooperative diversity system is sensitive for a 

delay which is mainly caused by the selection process. 

We analytically derive the closed-form expression for 

the end-to-end outage probability of an incremental- 

best-relay DF cooperative diversity with outdated CSI 

over Rayleigh fading channels. 

We noticed that the system performance deteriorates 

with decreasing the value of the correlation coefficient. 

When the correlation coefficient reduces from 1 to 0.9, 

the most performance degradation is denoted. However, 

the performance degradation is less sensitive with 

decreasing the correlation coefficient. Also as we 

expected, performance improves with the number of 

relays.

From the results of this paper, we can conclude the 

delayed CSI causes performance degradation 

sensitively. Therefore it is recommended that the time 

delay must be reduced to improve the performance of 

an incremental-best-relay DF cooperative diversity 

system.
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