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Abstract—Based on incremental amplify-and-forward (IAF) 

relaying scheme, the exact closed-form outage probability (OP) 

expressions of the multiple-mobile-relay-based mobile-to-

mobile (M2M) cooperative networks with relay selection over 

N-Nakagami fading channels are derived in this paper. Then the 

OP performance under different conditions is evaluated through 

numerical simulations. The numerical simulation results 

coincide with the theoretical results well, and the accuracy of 

the analytical results is verified. The simulation results showed 

that: the fading coefficient, the number of cascaded components, 

the relative geometrical gain, and the power-allocation 

parameter have an important influence on the OP performance. 
 
Index Terms—M2M communication, N-Nakagami fading 

channels, incremental relaying, amplify-and-forward, outage 

probability, relay selection 

 

I. INTRODUCTION 

Mobile-to-mobile (M2M) communication has attracted 

wide research interest in recent years. It is widely 

employed in many popular wireless communication 

systems, such as mobile ad-hoc networks and vehicle-to-

vehicle networks [1]. When both the transmitter and 

receiver are in motion, the double-Rayleigh fading model 

has been shown to be applicable [2]. Extending this 

model by characterizing the fading between each pair of 

the transmit and receive antennas as Nakagami, the 

double-Nakagami fading model has also been considered 

[3]. The moments-generating, probability density, 

cumulative distribution, and moments functions of the N-

Nakagami distribution are developed in closed form using 

the Meijer’s G-function [4]. 

Cooperative diversity has been proposed as a 

promising solution for the high data-rate coverage 

required in M2M communication networks. Based on 

amplify-and-forward (AF) relaying scheme, [5] 

investigates pairwise error probability (PEP) for the 

cooperative inter-vehicular communication (IVC) system 

over double-Nakagami fading channels. Using the widely 
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studied moment generating function(MGF) approach, 

with decode-and-forward (DF) relaying scheme, the exact 

symbol error rate(SER) and the asymptotic SER 

expressions of the M2M system over double-Nakagami 

fading channels are derived in [6] . 

In regular cooperative-diversity networks, in addition 

to the direct link, all relays participate in sending the 

source signal to the destination. It wastes the channel 

resource because the relay forwards the signal every time 

regardless of the channel conditions. Since the relay and 

the source need to use orthogonal channels, additional 

resources will be used for relaying even if the relaying is 

not needed because the direct signal is good enough. To 

solve these problems, [7] proposes a novel incremental 

relaying cooperative scheme, through which the channel 

resources are saved by restricting the relaying process to 

the necessary conditions. If the quality of the direct link 

between the source and the destination is good enough, it 

is unnecessary to forward the signal from relays. 

Otherwise, the relays should participate in the 

cooperation to improve the quality of the received signal. 

Based on the fundamental idea, various protocols and 

their performance analysis are presented [8]-[12]. In [8], 

the authors investigate the end-to-end performance of 

both AF and DF incremental relaying under independent 

non-identical Rayleigh fading channels. The bit error rate 

(BER) and outage probability (OP) performance of 

incremental opportunistic relaying with adaptive 

modulation is presented in [9], where variable-rate 

transmission is adopted in conjunction with opportunistic 

incremental relaying. In [10], the authors propose an 

incremental opportunistic DF (ODF) cooperation scheme 

employing orthogonal space-time block codes (OSTBC) 

under Rayleigh fading channels. In [11], the authors 

consider incremental AF (IAF) cooperative diversity 

networks which employ the Nth best relay when the best 

relay is unavailable due to issues such as scheduling or 

load balancing. Based on the AF protocol with M-ary 

phase-shift keying (M-PSK) signals, a new way is 

proposed to implement incremental relaying (IR) with 

better spectral efficiency in [12],compared with the 

conventional signal-to-noise ratio (SNR)-based IR-AF 

method. 

However, in [8]-[12], most results are obtained over 

Rayleigh fading channels. A three node network model 

with a source, destination and relay is used in [8]. To the 
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best knowledge of the author, no previous work has been 

reported in the literature on OP performance of the 

multiple-mobile-relay-based M2M cooperative networks 

with IAF relaying and relay selection over N-Nakagami 

fading channels. Motivated by these observations, in the 

present work, we extend our analysis for N-Nakagami 

case which subsumes double-Nakagami in [5], [6] as 

special cases. We also extend our analysis for multiple 

relays. The exact closed form OP expressions are derived 

for IAF relaying over N-Nakagami fading channels.  

The rest of the paper is organized as follows. The IAF 

relaying M2M cooperative networks model with relay 

selection is presented in Section II. Section III provides 

the exact closed form OP expressions for the IAF 

relaying. Section IV conducts Monte Carlo simulations to 

verify the analytical results. Concluding remarks are 

given in Section V.  

II. THE SYSTEM MODEL  

We consider a multi-mobile-node cooperation model, 

namely a single mobile source (MS) node, L mobile relay 

(MR) nodes, and a single mobile destination (MD) node. 

The nodes operate in half-duplex mode, which are 

equipped with a single pair of transmitter and receiver 

antennas. 

According to [5], we let dSD, dSRl, and dRDl represent 

the distances of MS→MD, MS→MRl, and MRl→MD 

links, respectively. Assuming the path loss between 

MS→MD to be unity, the relative gain of MS→MRl and 

MRl→MD links are defined as GSRl=(dSD/dSRl)
v 

and GRDl 

= (dSD/dRDl)
v
, respectively ,where v is the path loss 

coefficient[13]. We further define the relative geometrical 

gain μl = GSRl/GRDl (in decibels), which indicates the 

location of the lth relay with respect to the source and 

destination[5]. When the lth relay is close to the 

destination node, the values of μl are negative. When the 

lth relay is close to the source node, the values of μl are 

positive. When the lth relay has the same distance to the 

source and destination nodes, μl is 0dB. 

Let h=hk, kSD, SRl, RDl, represent the complex 

channel coefficients of MS→MD, MS→MRl, and 

MRl→MD links, respectively, which follow N-Nakagami 

distribution. h is assumed to be a product of statistically 

independent, but not necessarily identically distributed, N 

independent random variables, which is given as[4] 

1
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where N is the number of cascaded components, ai is a 

Nakagami distributed random variable with probability 

density function (PDF) 
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Γ(·) is the Gamma function, m is the fading coefficient 

and   is a scaling factor.  

The PDF of h is given by[4] 
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where G[·] is the Meijer’s G-function . 

Let y=hk
2
, kSD, SRl, RDl, namely, ySD=hSD

2
, 

ySRl=hSRl
2
, and yRDl=hRDl

2
.The corresponding cumulative 

density functions (CDF) of y can be derived as[4]  
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By taking the first derivative of (4) with respect to y, 

the corresponding PDF can be obtained as 
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The communication process of the IAF relaying can be 

described as follows: during the first time slot，the MS 

broadcasts signal to the MD and all the relays. The 

received signals rSD and rSRl at the MD and MRl during 

the first time slot can be written as [6]
  

SD SD Dr KEh x n                          (6) 

SRl SRl SRl SRlr G KEh x n                    (7) 

where x denotes the transmitted signal, nD and nSRl is the 

zero-mean complex Gaussian random variables with 

variance N0/2 per dimension. Here, E is the total energy 

which is used by both source and relay terminals during 

two time slots. K is the power-allocation parameter that 

controls the fraction of power reserved for the 

broadcasting phase. If K=0.5, the equal power allocation 

(EPA) scheme is used. 

During the second time slot, only the best MR decides 

whether to amplify and forward the signal to the MD by 

comparing the instantaneous SNR SD to a threshold T.  

SD denotes the instantaneous SNR of the MS to MD link. 

In our scheme, the best MR is selected based on the 

following criterion 

1

( )max SRlSR
l L

 

 

                            (8) 

where SRl denotes the instantaneous SNR of the MS to 

MRl link 

2

2

0

SRl SRl

SRl SRl SRl

KG h E
KG h

N
       (9) 

If SD>T, the MD will broadcast a ‘success’ message 

to the MS and the best MR. Then MS will transmit the 

next message, and the best MR remains silent. The output 

SNR at the MD can then be calculated as
 
 

0 SD                              (10) 

where  
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2
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If SD <T, the MD will broadcast a ‘failure’ message to 

the MS and the best relay. The best MR amplifies and 

forwards the signal to the MD. Based on AF cooperation 

protocol, the received signal at the MD is therefore given 

by
  

DDR D SR R D
r cEh h x n                  (12) 

where nDD is a conditionally zero-mean complex 

Gaussian random variable with variance N0/2 per 

dimension.  

c is given as 

0
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If selection combining (SC) method is used at the MD, 

the output SNR can then be calculated as
 
 

max( , )SC SD SRD  
                        

(14) 

where SRD denotes the instantaneous end-to-end SNR of 

the best relay, and 
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Thus, we can obtain the OP of the output SNR at the 

MD as 

0Pr( , ) Pr( , )out SD T th SD TC hS tP               (18) 

where th is a given threshold. 

If th>T, as SD and SRD are mutually independent 

random variables, (18) can be simplified and derived as 

follows: 

 

Pr( )Pr( ) Pr( )

( ) ( ) ( ) ( )
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  (19) 

If th<T, (18) can be derived as follows: 

Pr( , ) ( ) ( )
SD SRDout SD th th thSR thDP F F              (20) 

The CDF of the SD can be given as[4]  
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where 

SDr K                                     (22) 

It is difficult to obtain the OP of the SRD. But we can 

obtain the lower bound on OP of the SRD. As a result, we 

can obtain the lower bound on OP of the IAF relaying 

M2M cooperative networks.  

III. T OP OF THE IAF RELAYING 

 

In this section, we address the lower bound on OP of 

the IAF relaying M2M cooperative networks.  
By using the same method in [14] and at high SNR by 

ignoring the 1 in (15), the SNR SRD can be approximated  

as 
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By using the well-known inequality in [15], we can 

obtain an upper bound 

min( , )e up SR R D
                       (24) 

When we use the upper bound up, instead of e, then 

the OP is lower bounded, i.e. 

( ) ( )
SRD upth thF F                             (25) 

From Appendix A, we present a new closed form CDF 

expression for the lower bound as 
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As a result, substituting (26) in (19) and (20), we can 

obtain the exact closed form expressions for the lower 

bound on OP of the IAF relaying M2M cooperative 

networks.  
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IV. NUMERICAL RESULTS  

In this section, some numerical results are presented to 

illustrate and verify the OP results obtained in the 

previous sections. 

Fig. 1 presents the OP performance of the IAF relaying 

M2M cooperative networks when th>T. The relative 

geometrical gain μ=0dB. The power-allocation parameter 

K=0.5. The number of cascaded components N=2. The 

number of mobile relays L=2. The given threshold 

th=4dB, T=2dB. Here, we consider the following 

scenarios based on the combinations of the number of 

cascaded components N and fading coefficient m: 

1) Scenario 1: mSD = 1, mSRl = 1, mRDl =1 and NSD =2, 

NSRl = NRDl =2. (l=1,2) 

2) Scenario 2: mSD=3,mSRl =3, mRDl =3 and NSD =2,NSRl 

=NRDl=2. (l=1,2) 
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Analytical
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Fig. 1. The OP performance when th >T.  

From Fig. 1, we can obtain that, the numerical 

simulation results coincide with the theoretical results 

well ， and the accuracy of the analytical results is 

verified. With the SNR increased, the OP performance is 

improved. For example, in scenario 2, when SNR=12dB, 

the OP is 9×10
-2

, SNR=16dB, the OP is 2×10
-2

. The OP 

performance is improved with the fading coefficient m 

increased. For example, when SNR=12dB, m=1, the OP 

is 2×10
-1

, m=3, the OP is 9×10
-2

. 

Fig. 2 presents the OP performance of the IAF relaying 

M2M cooperative networks when th <T. The relative 

geometrical gain μ=0dB. The power-allocation parameter 

K=0.5. The number of cascaded components N=2. The 

number of mobile relays L=2. The given threshold 

th=2dB, T=4dB. Here, we consider the following 

scenarios based on the combinations of the number of 

cascaded components N and fading coefficient m: 

1) Scenario 1: mSD = 1, mSRl = 1, mRDl =1 and NSD =2, 

NSRl
 = NRDl =2. (l=1,2) 

2) Scenario 2: mSD=2,mSRl =1, mRDl =1 and NSD =2,NSRl
 

=NRDl=2. (l=1,2) 

From Fig. 2, we can obtain that, the numerical 

simulation results coincide with the theoretical results 

well ， and the accuracy of the analytical results is 

verified. With the SNR increased, the OP performance is 

improved. For example, in scenario 2, when SNR=12dB, 

the OP is 7×10
-2

, SNR=16dB, the OP is 1.2×10
-2

.  
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Fig. 2. The OP performance when th <T. 

Fig. 3 presents the effect of the power-allocation 

parameter K on the OP performance of the IAF relaying 

M2M cooperative networks over N-Nakagami fading 

channels when th>T. The number of cascaded 

components N=2. The fading coefficient m=2. The 

relative geometrical gain μ=0dB. The given threshold 

th=4dB, T=2dB. The number of mobile relays 

L=3.Simulation results show that the OP performance is 

improved with the SNR increased. For example, when 

K=0.6, SNR=10dB, the OP is 1.2×10
-1

, SNR=20dB, the 

OP is 1×10
-2

, SNR=30dB, the OP is 3×10
-4

. When 

SNR=10dB, the optimum value of K is 0.8 approximately; 

SNR=20dB, the optimum value of K is 0.9 approximately; 

SNR=30dB, the optimum value of K is 0.9 approximately. 
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Fig. 3. The effect of the power-allocation parameter K on the OP 

performance . 

Fig. 4 presents the effect of the number of cascaded 

components N on the OP performance of the IAF relaying 

M2M cooperative networks over N-Nakagami fading 

channels when th>T. The number of cascaded 

components N=2,3,4, which respectively denotes the 2-

Nakagami, 3-Nakagami, 4-Nakagami fading channels. 
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The fading coefficient m=2. The relative geometrical gain 

μ=0dB. The given threshold th=4dB, T=2dB. The 

power-allocation parameter K=0.5. The number of mobile 

relays L=3. Simulation results show that the OP 

performance is degraded as N increased. For example, 

when SNR=16dB, N=2, the OP is 7×10
-3

, N=3, the OP is 

7×10
-2

, N=4, the OP is 9×10
-2

.This because the fading 

severity of the cascaded channels increases as N 

increased. When the N is fixed, with the increase of SNR, 

the OP is reduced gradually.   
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Fig .4. The effect of the number of cascaded components N on the OP 
performance. 
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Fig. 5. The effect of the relative geometrical gain μ on the OP 

performance. 

 

Fig. 5 presents the effect of the relative geometrical 

gain μ on the OP performance of the IAF relaying M2M 

cooperative networks over N-Nakagami fading channels 

when th <T. The number of cascaded components N=2. 

The fading coefficient m=2. The relative geometrical gain 

μ=10dB, 0dB,-10dB. The given threshold th=2dB, 

T=4dB.The power-allocation parameter K=0.5. The 

number of mobile relays L=3.Simulation results show 

that the OP performance is improved as μ reduced. For 

example, when SNR=8dB, μ=10dB, the OP is 1.8×10
-1

, 

μ=0dB, the OP is 1×10
-2

, μ=-10dB, the OP is 3×10
-4

. 

When the μ is fixed, with the increase of SNR, the OP is 

reduced gradually.   

Fig. 6 presents the effect of the fading coefficient m on 

the OP performance of the IAF relaying M2M 

cooperative networks over N-Nakagami fading channels 

when th<T. The number of cascaded components 

N=2.The fading coefficient m=1, 2, 3. The relative 

geometrical gain μ=0dB. The given threshold th=2dB, 

T=4dB.The power-allocation parameter K=0.5. The 

number of mobile relays L=3.Simulation results show 

that the OP performance is improved with the fading 

coefficient m increased. For example, when SNR=12dB, 

m=1, the OP is 3×10
-2

, m=2, the OP is 1×10
-3

, m=3, the 

OP is 5.5×10
-5

. When the m is fixed, with the increase of 

SNR, the OP is reduced gradually.  
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Fig. 6. The effect of the fading coefficient m on the OP performance . 

V. CONCLUSIONS 

The exact closed form OP expressions for the IAF 

relaying M2M cooperative networks over N-Nakagami 

fading channels are derived in this paper. The simulation 

results show that: the fading coefficient m, the number of 

cascaded components N, the relative geometrical gain μ, 

and the power-allocation parameter K have an important 

influence on the OP performance. The expressions 

derived here are simple to compute and thus complete 

and accurate performance results can easily be obtained 

with negligible computational effort. In the future, we 

will consider the impact of the correlated channels on the 

OP performance of the multiple-mobile-relay-based 

M2M cooperative networks. 

APPENDIX A   

The CDF of the up is given as [16] 
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Next, the I1 and I2 are evaluated. First, consider I1 
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To evaluate the integral in (29), the following integral 

function can be employed [17]  
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(29) can be given as 
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We follow a procedure similar to (28) to yield I2 as 
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where  
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As a result, substituting (28) and (33) in (27), we can 

obtain a new closed form expression for the CDF of the 

up as 

1

1

,1 1

1, 1 ,...., ,0

1 1

1

,1 1

1, 1 ,...., ,0

1

1

( ) 1

1
1

( )

1
1

( )

up

N

N

L N
N t

N m mN
l t tSRl

t

t

N
N tt

N m mN
tt ttR D

tt

tt

F r

mr
G

m

mr
G

m





 



 









 

 
  
   

    
 

 
  
   

    
 

 





    (35) 

ACKNOWLEDGMENT 

The authors would like to thank the referees and 

editors for providing very helpful comments and 

suggestions. This project was supported by National 

Natural Science Foundation of China (no. 61304222, no. 

60902005), Natural Science Foundation of Shandong 

Province (no.ZR2012FQ021), Shandong Province Higher 

Educational Science and Technology Program 

(no.J12LN88), International Science & Technology 

Cooperation Program of Qingdao (no.12-1-4-137-hz). 

REFERENCES 

[1] G. Wu, S. Talwar, K. Johnsson, N. Himayat, and K. D. Johnson, 

"M2M: From mobile to embedded internet," IEEE 

Communications Magazine, vol. 49, no. 4, pp. 36-43, April 2011.  

[2] M. Uysal, “Diversity analysis of space-time coding in cascaded 

rayleigh fading channels,” IEEE Communication Letter, vol. 10, 

no. 3, pp. 165-167, March 2006. 

[3] F. K. Gong, J. Ge, and N. Zhang, “SER analysis of the mobile-

relay-based M2M communication over double nakagami-m 

fading channels,” IEEE Communications Letters, vol. 15, no. 1, 

pp. 34-36, January 2011.  

[4] G. K. Karagiannidis, N. C. Sagias, and P. T. Mathiopoulos, 

“N*Nakagami: A novel stochastic model for cascaded fading 

channels,” IEEE Transactions on Communication, vol. 55, no. 8, 

pp. 1453-1458, August 2007. 

[5] H. Ilhan, M. Uysal, and I. Altunbas, “Cooperative diversity for 

intervehicular communication: Performance analysis and 

optimization,” IEEE Transactions on Vehicular Technology, vol. 

58, no. 7, pp. 3301-3310, July 2009. 

[6] F. A. Onat, Y. J. Fan, H. Yanikomeroglu, and J. S. Thompson, 

“Asymptotic BER analysis of threshold digital relaying schemes 

in cooperative wireless systems,” IEEE Transactions on Wireless 

Communications, vol. 7, no. 12, pp. 4938-4947, December 2008. 

[7] J. N. Laneman, D. N. C. TSE, and G. W. Wornell, “Cooperative 

diversity in wireless networks: Efficient protocols and outage 

behavior,” IEEE Transactions on Information Theory, vol. 50, no. 

12, pp. 3062-3080, December 2004. 

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

incremental-relaying cooperative-diversity networks over 

rayleigh fading channels,” IET Communications, vol. 5, no. 3, pp. 

337-349, March 2011. 

[9] K. S. Hwang, Y. C. Ko, and M. S. Alouini, “Performance analysis 

of incremental opportunistic relaying over identically and non-

identically distributed cooperative paths,” IEEE Transactions on 

Wireless Communications, vol. 8, no. 4, pp. 1953-1961, August 

2009. 

[10] C. Yang, W. Wang, S. Chen, and M. Peng, “Outage performance 

of orthogonal space-time block codes transmission in 

opportunistic decode-and-forward cooperative networks with 

incremental relaying,” IET Communications, vol. 5, no. 1, pp. 61-

70, January 2011. 

[11] H. Zhang, X. J. Wang, T. A. Gulliver, W. Shi, and J. J. Wang, 

“Performance of incremental af relaying cooperative networks 

with the nth best relay over rayleigh fading channels,” Journal of 

Networks, vol. 8, no. 8, pp. 1681-1688, August 2013. 

[12] Y. Lee, “End-to-End error-rate based incremental relaying for AF 

cooperative communications,” IEEE Communications Letters, 

vol. 17, no. 9, September 2013. 

[13] W. F. Su, A. K. Sadek, and K. J. Ray Liu, “Cooperative 

communication protocols in wireless networks: Performance 

analysis and optimum power allocation,” Wireless Personal 

Communications, vol. 44, no. 2, pp 181-217, February 2008. 

[14] F. K. Gong, P. Ye, Y. Wang, and N. Zhang, “Cooperative mobile-

to-mobile communications over double Nakagami-m fading 

channels,” IET Communications, vol. 6, no. 18, pp. 3165-3175, 

December 2012. 

[15] P. A. Anghel and M. Kaveh, “Exact symbol error probability of a 

cooperative network in a Rayleigh-fading environment,” IEEE 

Transactions on Wireless Communications, vol. 3, no. 5, pp. 

1416-1421, May 2004. 

[16] A. Papoulis, Probability, Random Variables, and Stochastic 

Journal of Communications Vol. 10, No. 3, March 2015

190©2015 Journal of Communications



Processes, 3rd ed. New York: McGraw-Hill, 1991. 

[17] A. M. Mathai and R. K. Saxena, Generalized Hypergeometric 

Functions with Applications in Statistics and Physical Sciences, 

New York: Springer, Heidelberg, 1973. 

 

Lingwei Xu was born in Gaomi, Shandong 

Province, China, in 1987. He received his 

M.Sc. degree from Ocean University of China, 

Qingdao, China, in 2013. He is currently 

working toward the Ph.D. degree. His research 

interests include 60GHz wireless 

communication, MIMO wireless 

communication, and channel coding theory. 

 

 

 

Hao Zhang was born in Jiangsu, China, in 

1975. He received his Ph.D. degree in 

Electrical and Computer Engineering from the 

University of Victoria, Canada in 2004. He is 

now a professor at the Ocean University of 

China and an adjunct assistant professor at the 

University of Victoria. His research interests 

include ultra-wideband radio systems, 60GHz 

wireless communication, and MIMO wireless communication. 

 

Tingting Lu was born in Qingdao, Shandong 

Province, China, in 1983. She received her 

B.S degree in Communication engineering in 

2006 from HuNan University, and she 

received her M.S. degree in Communication 

and Information systems and Ph.D in 

Computer application technology from Ocean 

University of China in 2009 and 2013 

respectively. Now she is a lecturer at Ocean 

University of China. Her research interests are 60GHz wireless 

communication, and MIMO wireless communication. 

 

T. Aaron Gulliver received the Ph.D. degree 

in Electrical and Computer Engineering from 

the University of Victoria, Victoria, BC, 

Canada in 1989. He is a professor in the 

Department of Electrical and Computer 

Engineering. In 2002 he became a Fellow of 

the Engineering Institute of Canada, and in 

2012 a Fellow of the Canadian Academy of 

Engineering. He is also a senior member of 

IEEE. His research interests include information theory and 

communication theory, and ultra wideband communication. 

 

Journal of Communications Vol. 10, No. 3, March 2015

191©2015 Journal of Communications




