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Abstract 

In this paper, the end-to-end performance of the mobile-relay-based mobile-to-mobile 

(M2M) system with amplify-and-forward (AF) relaying over N-Nakagami fading channels 

is investigated. The exact closed-form expressions for the lower bound on average symbol 

error probability (ASEP) and upper bound on channel capacity are derived. Then the 

ASEP and channel capacity performance under different conditions is evaluated to 

confirm the accuracy of the analysis. Results are presented which show that the fading 

coefficient, the number of cascaded components, the relative geometrical gain, and the 

power-allocation parameter have an important influence on the ASEP and channel 

capacity performance. 
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1. 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 communication system [1]. The classical 

Rayleigh, Rician, or Nakagami fading channels have been found not to be applicable in 

M2M communication. Experimental results and theoretical analysis demonstrate that 

cascaded fading distributions provide an accurate statistical model for M2M 

communications [2]. Cascaded Rayleigh fading channel, which involves the product of N 

independent Rayleigh distributed random variables, is presented in [3]. For N = 2, this 

reduces to double-Rayleigh fading model which has been found to be suitable in [4]. 

Afterwards, N-Nakagami channel is adopted to provide a realistic description of the M2M 

channel in [5]. For N = 2, this reduces to double-Nakagami fading model in [6].  

The demand for higher data rates with seamless service coverage and support for 

various applications in M2M networks is greater than ever before. Cooperative diversity 

has been proposed as an ideal physical-layer solution for the high data-rate coverage 

required in M2M communication networks. Using fixed-gain amplify-and-forward (FAF) 

relaying scheme, [7] investigated pairwise error probability (PEP) for the cooperative 

inter-vehicular communication (IVC) system over double-Nakagami fading channels. In 

[8], the moment generating function (MGF) method was used to derive the exact symbol 

error rate (SER) and asymptotic SER expressions of the M2M system with decode-and-

forward (DF) relaying over double-Nakagami fading channels. Closed-form expressions 
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for the outage probability of the multiple-mobile-relay-based M2M cooperative networks 

with relay selection and incremental AF relaying over N-Nakagami fading channels were 

derived in [9]. In [10], novel expressions for probability density function (PDF), and 

cumulative distribution function (CDF) of the end-to-end signal-to-noise ratio (SNR) 

were used to analyze the performance of two-way communication system with relay 

selection over N-Nakagami fading channels. 

However, to the best knowledge of the author, the end-to-end ASEP and channel 

capacity performance of the mobile-relay-based AF relaying M2M system over N-

Nakagami fading channels has not been investigated in the literature. The absence of a 

closed form solution to the density function of the end-to-end signal to-noise ratio (SNR) 

in these relay systems makes the analysis cumbersome in most of these fading 

environments. This is more so with the case of N-Nakagami fading channels where the 

SNR is treated as the product of several random variables. Moreover, most results 

mentioned above do not take the power allocation into account. This is an important issue 

and will be discussed in this paper as it affects the ASEP and channel capacity 

performance. In the present work, the main contributions are listed as follows:  

First, we provide closed-form expressions for PDF and CDF of the complex N-

Nakagami channel coefficients. Then, we use those PDF expressions to derive exact 

closed-form expressions for the lower bound on ASEP and upper bound on channel 

capacity, respectively. Finally, based on the minimization of ASEP, we formulate a 

power-allocation problem to determine how the overall transmit power should be shared 

between the source and relay for performance optimization. In order to show the accuracy 

of the analytical results, the ASEP and channel capacity performance under different 

conditions is evaluated through numerical simulations. Results are presented which show 

that the fading coefficient, the number of cascaded components, the relative geometrical 

gain, and the power allocation parameter have a significant influence on the end-to-end 

ASEP and channel capacity performance. 

The rest of the paper is organized as follows. The mobile-relay-based M2M system 

model is presented in Section 2. Section 3 provides the closed-form expressions for the 

end-to-end ASEP of PAM and PSK modulation, while in Section 4, the end-to-end 

channel capacity over N-Nakagami fading channels is examined. In Section 5, the ASEP 

is optimized based on the power allocation parameter. Section 6 conducts Monte Carlo 

simulations to verify the analytical results. Concluding remarks are given in Section 7. 

 

2. The System Model  

Consider the simplest three-node cooperation model shown in Figure 1, namely mobile 

source (MS), mobile relay (MR), and mobile destination (MD) nodes. The nodes operate 

in half-duplex mode, which are equipped with a single pair of transmitter and receiver 

antennas. 

According to [7], the relative gain of the MS to MD is GSD=1, the relative gains of the 

MS to MR and MR to MD links are GSR=(dSD/dSR)
v 

and GRD=(dSD/dRD)
v
, respectively, 

where v is the path loss coefficient, dSD, dSR, and dRD represent distances of MS to MD, 

MS to MR, and MR to MD links, respectively[11]. The relative geometrical gain 

μ=GSR/GRD indicates the location of MR with respect to MS and MD. When MR has the 

same distance to MS and MD, μ is 1 (0 dB).When MR is close to MD, μ has negative 

values. When MR is close to MS, μ has positive values. 
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Figure 1. The System Model 

Let h=hk, kSR, RD, represent the complex channel coefficients of MS→MR, and 

MR→MD links, respectively. h follows N-Nakagami distribution, which is given as[5] 

1

N

i

i

h a



                                                                 (1) 

Where N is the number of cascaded components, ai is a Nakagami distributed random 

variable with PDF as  
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Where Γ(·) is the Gamma function, m is the fading coefficient and   is a scaling factor.  

The PDF of h is given by [5] 
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Where G[·] is the Meijer’s G-function. 

Let y=hk
2
, kSR, RD, namely, ySR=hSR

2
, and yRD=hRD

2
.The CDF of y can be 

derived as [5]  
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(4)         

The corresponding PDF can be obtained as [5] 
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During the first time slot, the received signal rSR at the MR can be written as [7]
 
 

 S R S R S R S R
r G K E h x n 

                                                 
 (6)                                                              

Where x denotes the transmitted signal, nSR is the zero-mean complex Gaussian random 

variables with variance N0/2 per dimension. During two time slots, the total energy used 

by MS and MR is E. K is the power-allocation parameter which can control the fraction of 

power reserved for MS and MR.  

During the second time slot, the received signal at the MD is therefore given by [7]
 
 

R D S R R D R D
r cE h h x n                                            (7) 

Where nRD is a conditionally zero-mean complex Gaussian random variable with 

variance N0/2 per dimension.               

MR 
 

MS MD 

D 
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For variable-gain AF (VAF), c is given as [7] 

0
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            (8)   

The output SNR at the MD can then be calculated as [7] 
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As far as we know, a convenient mathematical method to obtain SRD exactly is still 

unachievable. Here, by using the same method in [8] and at high SNR by ignoring the 1 in 

(9), the SNR SRD can be approximated as 
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                                        (12) 

By using the well-known inequality in [12], we can obtain an upper bound 

m in ( , )
e q u p S R R D

γ γ γ γ                                                (13) 

When we use the upper bound up, instead of SRD, then the CDF is lower bounded, i.e. 

( ) ( )
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F r F r                                                       (14) 

A new closed form expression for the tight lower bound on CDF of SRD is given as [9] 
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By taking the first derivative of (15) with respect to r, the corresponding PDF can be 

obtained as 
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The lower bound on the OP of AF relaying is given as 

( ) ( )
S C B u pth γ thγ

F r F r                                                (17) 

Where rth is a given threshold for correct detection at the MD. 

 

3. The ASEP of AF Relaying System 

The ASEP averaged over the fading channel is given by [13] 

0
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                                        (18) 

Where Pq(x) denotes the SEP of the q-ary modulation employed. We first consider q-

ary PAM and then q-ary PSK. 

 

3.1. PAM 

The SEP of q-ary PAM modulation in an AWGN channel is given by [14] 
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Substituting (16) and (19) into (18), the ASEP of q-ary PAM over N-Nakagami fading 

channels is 
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With the help of [15, Eq. 21], G1 can be given as 
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(21)                       

G2 can be given as 
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3.2. PSK  

The SEP of q-ary PSK modulation in an AWGN channel is given by [14] 
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(23)                  

For large SNR and large values of q, the SEP of q-ary PSK in an AWGN channel can 

be approximated as 

2
( ) 2 ( 2 s in )

q

π
P r Q r

q
                                       (24)      

Substituting (16) and (24) into (18)，the ASEP of q-ary PSK over N-Nakagami fading 

channels can be approximated as 
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4. The Capacity of AF Relaying System 

The capacity for AF relaying over N-Nakagami fading channels is given as [14] 
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5. Optimized Power Allocation 

To optimize the power allocation, the resulting ASEP needs to be minimized with 

respect to the power-allocation parameter K (0 ≤ K ≤ 1).  
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Figure 2. The Effect of the Power-Allocation Parameter K on the ASEP 
Performance  

Figure 2 presents the effect of the power allocation parameter K on the ASEP 

performance of AF relaying M2M cooperative system over N-Nakagami fading channels. 

The number of cascaded components is N=2, the fading coefficient is m=2, and the 

relative geometrical gain is μ=-5 dB. These results show that the ASEP performance is 

improved with an increase in the SNR. For example, with K=0.7, the ASEP is 6.5×10
-2

 for 

SNR=10 dB, 2.4×10
-3

 for SNR=20 dB, and 3.2×10
-5

 for SNR=30 dB. When SNR=10 dB, 

the optimum value of K is 0.62, when SNR=20 dB, the optimum value of K is 0.70, and 

when SNR=30 dB, the optimum value of K is 0.56. This indicates that equal power 

allocation (EPA) is not always the best approach. 

From Figure 2, it can readily be checked that these expressions are convex functions 

with respect to K. The convexity of the ASEP functions under consideration guarantees 

that the local minimum found through optimization will indeed be a global minimum. 

Unfortunately, an analytical solution for power allocation values in the general case is 

very difficult. We resort to numerical methods to solve this optimization problem. The 

optimum power allocation (OPA) values can be obtained a priori for given values of 

operating SNR and propagation parameters. The OPA values can be stored for use as a 

lookup table in practical implementation.  

In Table 1, we present optimum values of K for N-Nakagami fading channels with 

BPSK modulation. We assume that the number of cascaded components is N=2, the 

fading coefficient is m=2, and the relative geometrical gain is μ=5, 0,-5 dB. We observe 

from Table 1 that when MR is close to MS, less than 50% of power is required by MS to 

achieve optimum performance; when MR is equidistant from MS and MD, nearly 50% of 

power is required by MS to achieve optimum performance; when MR is close to MD, 

more than 50% of power is required by MS to achieve optimum performance. 

Figure 3 presents the effect of the EPA and OPA on the ASEP performance with BPSK 

modulation. For OPA, the values of K are used in Table 1 for μ=-5 dB. For EPA, K=0.5. 

These results show that the ASEP performance of OPA is better than that of EPA. For 

example, with SNR=25 dB, the ASEP is 2.2×10
-4

 for OPA, while 4×10
-4

 for EPA. 

Table 1. OPA Parameters K 

SNR μ=5 dB μ=0 dB μ=-5 dB 

5 0.46 0.47 0.56 

10 0.43 0.52 0.62 

15 0.40 0.49 0.64 

20 0.39 0.52 0.70 

25 0.21 0.54 0.72 

30 0.26 0.41 0.56 
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Figure 3. The Effect of the EPA and OPA on the ASEP Performance 

6. Numerical Results 

In this section, we present Monte-Carlo simulations and numerical methods to confirm 

the derived analytical results. Additionally, random number simulation was done to 

confirm the validity of the analytical approach. All the computations were done in 

MATLAB and some of the integrals were verified through MAPLE. The links between 

MS to MR and MR to MD are modeled as N-Nakagami distribution. The total energy is E 

=1. The fading coefficient is m=1, 2, 3, the number of cascaded components is N=2, 3, 4, 

and the relative geometrical gain is μ=5 dB, 0 dB,-5 dB, respectively. In Figure 5, 6, 7, 8, 

we only want to present the effect of m, N, μ on the ASEP and channel capacity, 

respectively, so the value of K should remain unchanged. Here, we choose K=0.5.  
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Figure 4. The ASEP Performance Over N-Nakagami Fading Channels  

Figure 4 presents the ASEP performance of AF relaying M2M system over N-

Nakagami fading channels. The relative geometrical gain is μ=0 dB. The power-allocation 

parameter is K=0.5. Here, we consider the following scenarios based on the combinations 

of the number of cascaded components N and fading coefficient m: 

(1)Scenario 1: mSR = 1, mRD =1 and NSR = NRD =2. 

(2)Scenario 2: mSR = 2, mRD =1 and NSR = NRD =2. 

(3)Scenario 3: mSR = 2, mRD =2 and NSR = NRD =2. 

(4)Scenario 4: mSR = 3, mRD =3 and NSR = NRD =2. 

From Figure 4, we can obtain that, the numerical simulation results coincide with the 
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theoretical results well，and the accuracy of the analytical results is verified. The 

difference between the simulation results and theoretical results decreases as the SNR 

increases. For example, in Scenario 3, when SNR=10 dB, the simulation ASEP is 1×10
-1

, 

the theoretical ASEP is 6.6×10
-2

, while SNR=14 dB, the simulation ASEP is 4.1×10
-2

, the 

theoretical ASEP is 2.4×10
-2

.  
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Figure 5. The Effect of the Fading Coefficient m on the ASEP Performance   

Figure 5 presents the effect of the fading coefficient m on the ASEP performance. The 

number of cascaded components is N=2.The fading coefficient is m=1, 2, 3. The relative 

geometrical gain is μ=-5 dB. The power-allocation parameter is K=0.5. With the fading 

coefficient m increased, the ASEP performance is improved. For example, when SNR=15 

dB, m=1, the ASEP is 6.8×10
-2

, m=2, the ASEP is 1.7×10
-2

, m=3, the ASEP is 5.6×10
-3

. 

When the m is fixed, with the increase of SNR, the ASEP is reduced gradually.  
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Figure 6. The Effect of the Relative Geometrical Gain μ on the ASEP 
Performance  

Figure 6 presents the effect of the relative geometrical gain μ on the ASEP 

performance. The number of cascaded components is N=2. The fading coefficient is m=2. 

The relative geometrical gain is μ=5 dB, 0 dB,-5 dB. The power-allocation parameter is 

K=0.5. The ASEP performance is improved as μ reduced. For example, when SNR=15 dB, 

μ=5 dB, the ASEP is 2×10
-2

, μ=0 dB, the ASEP is 5×10
-3

, μ=-5 dB, the ASEP is 3×10
-3

. 

This indicates that the best location for the relay is near the destination. For a fixed μ, an 

increase in the SNR reduces the ASEP. 
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Figure 7. The Effect of the Number of Cascaded Components N on the 
ASEP Performance 

Figure 7 presents the effect of the number of cascaded components N on the ASEP 

performance. The number of cascaded components is N=2, 3, 4, which respectively 

denotes the 2-Nakagami, 3-Nakagami, 4-Nakagami fading channels. The fading 

coefficient is m=2. The relative geometrical gain is μ=0 dB. The power-allocation 

parameter is K=0.5.Simulation results show that the ASEP performance is degraded as 

N increased. For example, when SNR=10 dB, the ASEP is 3×10
-2

 with N=2, 5.7×10
-2

 with 

N=3, 8.9×10
-2

 with N=4.This is because the fading severity of the cascaded channels 

increases as N increased. For fixed N, an increase in the SNR reduces the ASEP, as 

expected.  
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Figure 8. The Channel Capacity Performance over N-Nakagami Fading 
Channels 

Figure 8 presents the channel capacity performance of AF relaying M2M system over 

N-Nakagami fading channels. The relative geometrical gain is μ=0 dB. The power-

allocation parameter is K=0.5. The number of cascaded components is N=2. The fading 

coefficient is m=1,2,3. Simulation results show that the channel capacity is improved as 

the fading coefficient m is increased. For example, when SNR=14 dB, the channel 

capacity is 1.76bps/Hz for m=1, 2.45bps/Hz for m=2, and 2.74bps/Hz for m=3. This is 

because the fading severity of an N-Nakagami channel is less for a larger m. For fixed m, 

an increase in the SNR again increases the channel capacity.  
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7. Conclusions 

The exact closed-form expressions for the end-to-end ASEP and channel capacity of 

the AF relaying M2M system 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 ASEP and channel capacity performance. The derived 

ASEP and channel capacity expressions can be used to evaluate the performance of the 

vehicular communication systems such as inter-vehicular communications, intelligent 

highway applications and mobile ad-hoc applications. In the future, we will consider the 

impact of the correlated channels on the ASEP and channel capacity performance of the 

AF relaying M2M system. 
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