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 Relay selection strategy under maximum-signal-to-noise ratio (MAX-SNR) 
criterion was proven to maximize performance but at the expense of losing 
fairness among the cooperative relays. In this work, the effect of controlling 

the MAX-SNR criterion on the spectral efficiency of cooperative wireless 
communication system with adaptive modulation is investigated. 
Specifically, the probability density function (PDF) of the end-to-end SNR 
for the considered system is derived when the controlled selection criterion is 
considered. Base on that PDF, the average spectral efficiency is then derived 
and investigated. The results show how the spectral efficiency of the system 
deteriorates as controlling the selection of a relay. Furthermore, the results of 
Monte Carlo simulation validate the derived expression. 
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1. INTRODUCTION  

Cooperative wireless communication has emerged as an effective technique that provides high 

communication reliability, increased throughput, and better coverage area. However, it has undesirable 

feature which is increasing number of transmission channels as number of relays increases. Relay selection 

represents an important technique to solve this problem in which one or subgroup of the relays is selected out 
of group of relays based on a pre-defined criterion [1-7].  

Various relay selection schemes with different objectives have been proposed [8-13]. Opportunistic 

relaying (OR) was introduced in [8] in which a single relay node is selected opportunistically. This scheme is 

characterized by simple process which can be implemented easily in existing wireless systems. In [9], we 

introduce an amplify-and-forward (AF) adaptive relaying scheme with relay selection strategy based on OR 

and variable-rate transmission. The results indicated that the proposed scheme outperformed fixed relaying 

scheme especially at low values of signal-to-noise ratio (SNR). In [10], the transmitting power was optimized 

when OR is exploited in sensor networks. In [11], outage probability is derived for AF OR under high-SNR 

scenario. Same system model with same performance metric considered in [11] was investigated in [12] but 

with a decode-and-forward (DF) relaying. The authors of [13] extended the results of [12] by studying the 

effect of channel state information (CSI) on the average symbol error probability. 

Other research works have included other factors, such as constraint on the resources of the relay 
node [14-24]. In [14], a relay selection method was proposed to consider the power consumption of each 

relay node during helping other nodes. An opportunistic relay selection method was introduced in [15] where 
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the achieved fairness among the relay nodes for a given throughput was only investigated. The work of [16] 

combined the spectral efficiency of successive opportunistic relaying with the strength of single-link relay 

selection in order to reduce the energy consumption per time slot. Whereas [17, 18] combined the frame 

aggregation with the channel condition in the selection criteria to improve transmission rate. Another method 

called modified adaptive best relay selection was introduced and simulated in [20]. The simulation results 

verified that the energy efficiency could be improved by utilizing the proposed selection criterion. The 

authors of [21] proposed an incentive mechanism to motivate a node to act as a relay. The benefit from 

relaying can be reduction of energy consumption, enhancement of capacity, or both. In [22], a single-relay 
selection method for cognitive cooperative networks was introduced under interference and power 

constraints. The results demonstrated that this method is able to improve the bandwidth efficiency. In [23], a 

relay selection strategy was proposed to consider the buffer state of the relay node. The results of the 

proposed strategy confirmed that better outage and packet-delay performance could be achieved. The authors 

of [24] also proposed another relay selection method using maximum minimum distance criterion to improve 

sum-rate, average delay, and bit error rate. 

One can notice that the works [14, 16, 18, 20-22] investigated the performance using simulation 

only, and all the works [14-24] did not derive closed-form expression for the performance measure as a 

function of the controlling parameter of the relay selection criterion. Therefore, the objective of this work is 

to include the controlling parameter in the expression of the performance measure so that the performance 

can be investigated under controlled relay selection criterion. In this work, AF parallel relaying system with 

relay selection and adaptive modulation is considered. The average spectral efficiency is derived as a 
function not only of the average SNR of the existing links but also the controlling parameter used to control 

the relay selection. The derived expression can be achieved by deriving first the PDF of the end-to-end SNR 

of the considered system. Finally, a Monte Carlo simulation is used to verify the derivation.  

The remainder of this paper is organized as follows. System model is presented in Section 2. 

Controlling the selection of a relay node is presented in Section 3. Probability density function (PDF) of the 

end-to-end SNR is derived in Section 4 in addition to the derivation of a closed-form expression for the 

average spectral efficiency. In Section 5, some numerical examples are presented to evaluate our proposed 

strategy. Finally, conclusion of the paper is given in Section 6. 

 

 

2. SYSTEM OVERVIEW 
An AF cooperative wireless system with relay selection and adaptive modulation is considered 

which consists of 2 relays (ri, i = 1,2). Only one relay is selected to forward the received information from 

source s to destination d. All links are modeled as Rayleigh fading channels. Also, the selection of the relay 

needs a local knowledge of the instantaneous SNR of the relay path. 

The transmission begins with transmitting the source information I(t) to both the selected relay rb 

and the destination d. The received signals at rb and d can be written as (1) and (2) 

 

 ( ) ( ) ( ),
b b bsr sr sry t g I t n t   (1) 

 

 𝑦𝑠𝑑(𝑡) = 𝑔𝑠𝑑𝐼(𝑡) + 𝑛𝑠𝑑(𝑡), (2) 

 

respectively, where g𝑠𝑟𝑏
 and gsd are the fading coefficients of s–r link and s–d link, respectively. 𝑛𝑠𝑟𝑏

(𝑡) and 

𝑛𝑠𝑑(𝑡) are the Additive White Gaussian Noise (AWGN) terms at rb and d, respectively, with a variance of 

No. rb then amplifies the received signal 𝑦𝑠𝑟𝑏
(𝑡), and transmits it to d, in which the received signal becomes 

(3) 

 

𝑦𝑟𝑏𝑑(𝑡) = 𝐺𝑟𝑏
𝑔𝑟𝑏𝑑𝑦𝑠𝑟𝑏

(𝑡) + 𝑛𝑟𝑏𝑑(𝑡), (3) 

 

where g𝑟𝑏𝑑  is the fading coefficient of rb–d link, 𝑛𝑟𝑏𝑑(𝑡) is the AWGN term at d, and 𝐺𝑟𝑏
 is the amplifying 

gain which can be given as (4)[2] 

 

𝐺𝑟𝑏
2 =

𝑃𝑟

𝑃𝑠|𝑔𝑠𝑟𝑏
|
2

+𝑁𝑜

, (4) 

 
where Ps and Pr are the transmitted powers of s and rb, respectively. The end-to-end SNR associated with the 

ith relay node is(5) 
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𝛾𝑟𝑖
=

𝛾𝑠𝑟𝑖
𝛾𝑟𝑖𝑑

𝛾𝑠𝑟𝑖
+𝛾𝑟𝑖𝑑+1

, (5) 

 

where 𝛾𝑠𝑖
 and 𝛾𝑟𝑖𝑑  are the instantaneous SNRs between s and the ith relay, and the ith relay and d, respectively. 

To simplify the derivation, (5) can be approximated by its upper bound as (6) [9,10] 

 

𝛾𝑟𝑖
≤ 𝛾𝑠𝑟𝑖𝑑 = 𝑚𝑖𝑛(𝛾𝑠𝑟𝑖

, 𝛾𝑟𝑖𝑑) (6) 

 

For the Rayleigh fading channels, the Cumulative Distribution Function (CDF) and PDF of the 

received SNR of any link are given by (7) and (8) 

 

𝐹𝛾𝑖𝑗
(𝑥) = 1 − 𝑒

−
𝑥

�̄�𝑖𝑗 , (7) 

 

𝑓𝛾𝑖𝑗
(𝑥) =

1

�̄�𝑖𝑗
𝑒

−
𝑥

�̄�𝑖𝑗 , (8) 

 

where �̅�𝑖𝑗 = 𝐸[𝛾𝑖𝑗], and E [.] is a notation for expectation operation. 

 

 

3. CONTROLLING RELAY SELECTION 

In general, relay selection method may use CSI, performance metrics, or both to define the selection 

criterion. MAX-SNR-based relay selection strategy uses only CSI, in which the best relay rb is selected if its 

bath has the largest instantaneous SNR. It is feasible to use a controlling parameter ci in order to control the 

selection criterion. Mathematically, the modified selection criterion can be represented as (9) 

 

𝑏 = 𝑎𝑟𝑔   𝑚𝑎𝑥
𝑖=1,2

(𝛾𝑐𝑖
), (9) 

 

where 𝛾𝑐𝑖
=

𝛾𝑟𝑖

𝑐𝑖
 is the controlled end-to-end SNR of the relay path. The output SNR at d becomes (10) 

 

𝛾𝐴𝐹,𝑏 = 𝛾𝑠𝑑 + 𝛾𝑟𝑏
. (10) 

 

3.1.  Mode of operation 

One way to implement the modified selection criterion is to use control signaling to estimate the 

end-to-end SNR for each path. The source node first broadcasts a signal to the relay and destination nodes 

where each relay node estimates the SNR of the s-r link. Then, the destination node replies by sending a 

signal to the relay nodes. The relay node then estimates the SNR of the r-d link and calculates the controlled 

end-to-end SNR 𝛾𝑟𝑖
, where the contolling parameter 𝑐𝑖 is stored in each relay node. Each relay node then 

calculates the backoff time 𝑡𝑖 required to respond to the source node. This backoff time is inversely 

proportional to 𝛾𝑟𝑖
 in which the relay node, with the largest 𝛾𝑟𝑖

 and the minimum 𝑡𝑖, will broadcast a flag 

containing its relay index to the relay and source nodes. Eventually, the other relay nodes will remain silent 

and the source node will start transmission of information to the selected relay. Note that the source node is 

able to change 𝑐𝑖 depending on the current condition of the network.  

 

 

4. AVERAGE SPECTRAL EFFICIENCY 

The average spectral efficiency of the considered system can be expressed as: 

 

𝜂 = ∑
𝑛

2
𝜙(𝑛),𝑁

𝑛=1  (11) 

 

where N represents the number of modulation modes used, and 𝜙(𝑛) is the probability that the received SNR 

falls in region n which can be defined as, 

 

𝜙(𝑛) = ∫ 𝑓𝛾𝐴𝐹,𝑏
(𝑥)𝑑𝑥,

𝛾𝑛+1

𝛾𝑛
 (12) 

 

where 𝛾𝑛 and 𝛾𝑛+1 represent the SNR thresholds of the nth region, and 𝑓𝐴𝐹,𝑏(𝛾) is the PDF of the received 

SNR of selected relay node which can be written as (13), 
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𝑓𝛾𝐴𝐹,𝑏
(𝛾) = ∫ 𝑓𝛾𝑠𝑟𝑏𝑑

(𝛾 − 𝑥)
𝛾

0
𝑓𝛾𝑠𝑑

(𝑥)𝑑𝑥, (13) 

 

where 𝑓𝛾𝑠𝑟𝑏𝑑
(𝛾) is the PDF of the selected relay given by (14), 

 

𝑓𝛾𝑠𝑟𝑏𝑑
(𝛾) = 𝑓𝛾𝑠𝑟1𝑑

(𝛾)𝐹𝛾𝑠𝑟2𝑑
(

𝑐2

𝑐1
𝛾) + 𝑓𝛾𝑠𝑟2𝑑

(𝛾)𝐹𝛾𝑠𝑟1𝑑
(

𝑐1

𝑐2
𝛾), (14) 

 

where 𝐹𝛾𝑠𝑟𝑖𝑑
(𝛾) and 𝑓𝛾𝑠𝑟𝑖𝑑

(𝛾) are the CDF and PDF of the relay path given as (15) and (16), 

 

𝐹𝛾𝑠𝑟𝑖𝑑
(𝛾) = 1 − (1 − 𝐹𝛾𝑠𝑟𝑖

(𝛾))(1 − 𝐹𝛾𝑟𝑖𝑑
(𝛾)) = 1 − 𝑒

−
𝛾

�̄�𝑠𝑟𝑖𝑑 , (15) 

and 
 

𝑓𝛾𝑠𝑟𝑖𝑑
(𝛾) =

1

�̄�𝑠𝑟𝑖𝑑
𝑒

−
𝛾

�̄�𝑠𝑟𝑖𝑑 . (16) 

 

�̅�𝑠𝑟𝑖𝑑 = �̅�𝑠𝑟𝑖
∙ �̅�𝑟𝑖𝑑/(�̅�𝑠𝑟𝑖

+ �̅�𝑟𝑖𝑑), and �̅�𝑠𝑟𝑖
 and �̅�𝑟𝑖𝑑 are the average SNRs of the s–r link and r–d link, 

respectively. Substituting (8), (14), (15), and (16) into (13) then solving the integral, the PDF of the end-to-

end SNR of the selected relay path can be given as (17), 

 

𝑓𝛾𝐴𝐹,𝑏
(𝛾) =

1

�̄�𝑠𝑟1𝑑−�̄�𝑠𝑑
𝑒

−
𝛾

�̄�𝑠𝑟1𝑑 −
1

�̄�𝑠𝑟1𝑑−�̄�𝑠𝑑−
𝑐2�̄�𝑠𝑟1𝑑

𝑐1�̄�𝑠𝑟2𝑑
�̄�𝑠𝑑

𝑒
−𝛾(

1

�̄�𝑠𝑟1𝑑
+

𝑐2
𝑐1�̄�𝑠𝑟2𝑑

)
   

 ×
1

�̄�𝑠𝑟2𝑑−�̄�𝑠𝑑
𝑒

−
𝛾

�̄�𝑠𝑟2𝑑 −
1

�̄�𝑠𝑟2𝑑−�̄�𝑠𝑑−
𝑐1�̄�𝑠𝑟2𝑑

𝑐2�̄�𝑠𝑟1𝑑
�̄�𝑠𝑑

𝑒
−𝛾(

1

�̄�𝑠𝑟2𝑑
+

𝑐1
𝑐2�̄�𝑠𝑟1𝑑

)
   

+ (
1

�̄�𝑠𝑟1𝑑−�̄�𝑠𝑑−
𝑐2�̄�𝑠𝑟1𝑑

𝑐1�̄�𝑠𝑟2𝑑
�̄�𝑠𝑑

−
1

�̄�𝑠𝑟1𝑑−�̄�𝑠𝑑
+

1

�̄�𝑠𝑟2𝑑−�̄�𝑠𝑑−
𝑐1�̄�𝑠𝑟2𝑑

𝑐2�̄�𝑠𝑟1𝑑
�̄�𝑠𝑑

−
1

�̄�𝑠𝑟2𝑑−�̄�𝑠𝑑
) 𝑒

−
𝛾

�̄�𝑠𝑑 . (17) 

 

Solving the integral of (12) after utilizing the expression of 𝑓𝛾𝐴𝐹,𝑏
(𝛾) , the average spectral efficiency can be 

obtained as (18), 

 

𝜂 = ∑
𝑛

2
𝑁
𝑛=1 (

�̄�𝑠𝑟1𝑑

�̄�𝑠𝑟1𝑑−�̄�𝑠𝑑
(𝑒

−
𝛾𝑛

�̄�𝑠𝑟1𝑑 − 𝑒
−

𝛾𝑛+1
�̄�𝑠𝑟1𝑑) +

�̄�𝑠𝑟2𝑑

�̄�𝑠𝑟2𝑑−�̄�𝑠𝑑
(𝑒

−
𝛾𝑛

�̄�𝑠𝑟2𝑑 − 𝑒
−

𝛾𝑛+1
�̄�𝑠𝑟2𝑑)  

−
𝑐1�̄�𝑠𝑟1𝑑�̄�𝑠𝑟2𝑑

(�̄�𝑠𝑟1𝑑−�̄�𝑠𝑑−
𝑐2�̄�𝑠𝑟1𝑑

𝑐1�̄�𝑠𝑟2𝑑
�̄�𝑠𝑑)(𝑐2�̄�𝑠𝑟1𝑑+𝑐1�̄�𝑠𝑟2𝑑)

(𝑒
−𝛾𝑛(

1

�̄�𝑠𝑟1𝑑
+

𝑐2
𝑐1�̄�𝑠𝑟2𝑑

)
− 𝑒

−𝛾𝑛+1(
1

�̄�𝑠𝑟1𝑑
+

𝑐2
𝑐1�̄�𝑠𝑟2𝑑

)
)  

−
𝑐2�̄�𝑠𝑟1𝑑�̄�𝑠𝑟2𝑑

(�̄�𝑠𝑟2𝑑−�̄�𝑠𝑑−
𝑐1�̄�𝑠𝑟2𝑑

𝑐2�̄�𝑠𝑟1𝑑
�̄�𝑠𝑑)(𝑐2�̄�𝑠𝑟1𝑑+𝑐1�̄�𝑠𝑟2𝑑)

(𝑒
−𝛾𝑛(

1

�̄�𝑠𝑟2𝑑
+

𝑐1
𝑐2�̄�𝑠𝑟1𝑑

)
− 𝑒

−𝛾𝑛+1(
1

�̄�𝑠𝑟2𝑑
+

𝑐1
𝑐2�̄�𝑠𝑟1𝑑

)
)  

+�̄�𝑠𝑑 (
1

�̄�𝑠𝑟1𝑑−�̄�𝑠𝑑−
𝑐2�̄�𝑠𝑟1𝑑

𝑐1�̄�𝑠𝑟2𝑑
�̄�𝑠𝑑

−
1

�̄�𝑠𝑟1𝑑−�̄�𝑠𝑑
+

1

�̄�𝑠𝑟2𝑑−�̄�𝑠𝑑−
𝑐1�̄�𝑠𝑟2𝑑

𝑐2�̄�𝑠𝑟1𝑑
�̄�𝑠𝑑

−
1

�̄�𝑠𝑟2𝑑−�̄�𝑠𝑑
) × (𝑒

−
𝛾𝑛

�̄�𝑠𝑑 − 𝑒
−

𝛾𝑛+1
�̄�𝑠𝑑 ))

 (18) 

 

Note that the SNR thresholds for the modulation modes used can be obtained by using the bit error 

rate expressions for binary phase shift keying and M-ary QAM over AWGN channel [25], i.e., 

 

𝛾1 = (𝑒𝑟𝑓𝑐−1(2𝐵𝐸𝑅𝑇))2, 𝑛 = 1  

𝛾𝑛 = −
2

3
(2𝑛 − 1) 𝑙𝑛(5𝐵𝐸𝑅𝑇) , 𝑛 = 0,2,3, … , 𝑁  

𝛾𝑁+1 = +∞, (19) 

 

where BERT is the target bit error rate . 
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5. NUMERICAL AND SIMULATION EXAMPLES 

In this section, numerical examples are presented to evaluate the performance of the considered 

system under controlled relay selection. Table 1 shows the parameters used in this investigation where we 

assume that relay 1 has better channel condition. Also the target bit error rate BERT is assumed to be equal to 

10-3, and the number of modulation modes N = 6. For the Monte Carlo simulator, 200,000 samples are 

generated for the instantaneous SNR for all links of the system, this includes the direct link and all relay links 

from source to relay and relay to destination. For each iteration, the selection criterion with controlling 

parameter is calculated as in (9), and the output SNR at destination is calculated based on (10). Then the 

instantaneous spectral efficiency can be found by determining the region that the output SNR falls in, which 

can be generated by (19). After completing all iteration, the average spectral efficiency is calculated by 
dividing the sum of the instantaneous spectral efficiency over the number of samples.  

 

 

Table 1. Channel parameters for each link. 
Average SNR Relay 1 Relay 2 

�̅�𝑠𝑟𝑖
 7.2�̅�𝑠𝑑 6.1�̅�𝑠𝑑 

�̅�𝑟𝑖𝑑 5.1�̅�𝑠𝑑 2.7�̅�𝑠𝑑 

 

 

Figure 1 shows the average spectral efficiency of the AF cooperative wireless communication 
system with relay selection and adaptive modulation versus the average SNR of the direct link. Since the first 

relay has better SNR, it is expected that it will be selected more frequently. To control this selection, 3 Cases 

are considered. Case 1 represents the reference case in which there is no control over the selection (i.e., c1 = 1 

and c2 = 1), Case 2 has (c1 = 5 and c2 = 1), and Case 3 has (c1 = 20 and c2 = 1). It is observed that as the link 

quality improves the spectral efficiency increases until approaches the efficiency of the highest modulation 

mode used which is in this investigation is 6. Also, it is noticed that Case 1, as expected, has the best spectral 

efficiency which represents the use of MAX-SNR criterion without any control. As the controlling parameter 

increases for Relay 1, the frequent selection will be less and hence the average spectral efficiency starts to 

deteriorate. One can compromise between the excessive use of a particular relay and achieving an acceptable 

spectral efficiency. 

Figure 2 shows the average spectral efficiency of the considered system versus the average SNR of 
the direct link but with a reverse controlling parameters (i.e., Relay 1 has constant controlling parameter of 1, 

and Relay 2 has c2 = [1, 5, 20]). It is obvious that the reduction of the spectral efficiency is less in this case. 

For example, when �̅�𝑠𝑑 = 10dB, and Case 1 and Case 3 are considered in both figures, the average spectral 

efficiency of Figure 1 decreases by 17%, whereas in Figure 2, the average spectral efficiency decreases by 

only 8%.  

 

 

 
 

Figure 1. Average spectral efficiency of the AF cooperative wireless communication system with relay 

selection and amplitude modulation and different controlling parameters. 
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Figure 2. Average spectral efficiency of the AF cooperative wireless communication system with relay 

selection and amplitude modulation and reverse values of controlling parameters. 

 

 

6. CONCLUSION 

In this paper, we studied the effect of controlling the relay selection process on the spectral 

efficiency of the AF cooperative wireless communication systems with adaptive modulation. The PDF of the 

end-to-end SNR of the considered system was derived to be able to obtain a closed-form expression for the 

average spectral efficiency. The results confirmed that there is a reduction in the spectral efficiency when 

compared to the best path selection strategy due to the selection of a relay with bad channel condition. 

Including the controlling parameter in the expression of the spectral efficiency gives the designer or operator 

of wireless networks the capability to manage the amount of resources that can be used and the resulting 

efficiency. 
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