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Abstract

In this paper, the performance of fixed-gain amplify-and-forward (FAF) relaying is
investigated. An approximation for the average symbol error probability (SEP) is derived
for multiple-mobile-relay-based mobile-to-mobile (M2M) cooperative networks over N-
Nakagami fading channels. The moment generating function (MGF) method is used to
obtain average SEP expressions for various modulation techniques. The performance
under different conditions is evaluated through numerical simulation to verify the
analysis. These results show that the number of mobile relay nodes, the fading coefficient,
the number of cascaded components, the relative geometrical gain, and the power
allocation parameter have a significant impact on the SEP performance.

Keywords: M2M communication, N-Nakagami fading channels, moment generating
function, average symbol error probability

1. Introduction

Mobile-to-mobile (M2M) communications has attracted significant research interest in
recent years [1]. It is employed in many wireless communication systems such as mobile
ad-hoc networks and wvehicle-to-vehicle communications [2]. M2M communication
networks allow multiple users to exchange information, share data, interact with ideas,
and cooperate on common goals across geographical and time boundaries. The higher
simplicity and affordability of M2M networks are achieved through the connectivity of
devices, such as smartphones, personal digital assistant system and tablets [3]. When the
devices are in motion, the double-Rayleigh fading model has been shown to be applicable
[4]. This model is extended to double-Nakagami fading in [5]. The moment generating
function (MGF), probability density function (PDF), cumulative distribution, and
moments of the N-Nakagami distribution have been derived in closed form using Meijer’s
G-function [6].

Cooperative diversity has recently been proposed as an efficient solution to many
challenging physical layer problems in M2M communications. The pairwise error
probability (PEP) for a cooperative inter-vehicular communication (IVC) system with
amplify-and-forward(AF) relaying over double-Nakagami fading channels was
investigated in [7]. In [8], the MGF method was used to derive approximate symbol error
probability (SEP) expressions for fixed-gain AF (FAF) relaying over double-Nakagami
fading channels. Closed-form lower and upper bounds on the outage probability of a two-
way relaying AF M2M system over N-Nakagami fading channels were derived in [9].

To the best of our knowledge, the average SEP performance of multiple-mobile-relay-
based M2M cooperative networks over N-Nakagami fading channels has not been
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reported in the literature. The single-relay case was investigated in [7]. A multiple-
mobile-relay dual-hop cooperative M2M system was investigated in [8], but only the
approximate SEP over double-Nakagami fading channels was derived. Motivated by
these results, in the present work we analyze a multiple-mobile-relay cooperative M2M
system over N-Nakagami fading channels. In particular, the MGF method is used to
obtain the approximate SEP of a multiple-mobile-relay-based M2M cooperative network
for FAF relaying over N-Nakagami fading channels.

The rest of the paper is organized as follows. The multiple-mobile-relay-based M2M
cooperative network model is presented in Section 2. In Section 3, the approximate SEP is
obtained using the MGF method for several modulation techniques. Section 4 provides
Monte Carlo simulation results to verify the analysis in Section 3. Finally, some
concluding remarks are given in Section 5.

2. System Model

We consider a multiple-mobile-node cooperation model, namely a single mobile source
(MS) node, L mobile relay (MR) nodes, and a single mobile destination (MD) node, as
depicted in Figure 1. Each node is equipped with a single pair of transmit and receive
antennas and operates in half-duplex mode.

MR,

MR:

MRz

MS ND

Figure 1. The System Model

Following the approach in [7], let dsp, dsr, and drp represent the MS to MD, MS to
MR, and MR, to MD distances, respectively. Assuming the path loss between the MS and
MD is unity, the relative gains of the MS to MR, and MR, to MD channels are defined as
Gsri=(dsp/dsr))’ and Ggpy = (dsp/droi)’, respectively ,where v is the path loss coefficient
[10]. We further define the relative geometrical gain 4 = Gsgri/Ggrpi, Which indicates the
location of the Ith relay with respect to the source and destination [7]. When the Ith relay
is close to the destination node, the value of g is negative, and when it is close to the
source node, the value is positive. Further, if the Ith relay is equidistant from the source
and destination nodes, 1 is 1 (0 dB).

Let h=h,, ke {SD, SRI, RDI}, represent the complex channel coefficients of the MS to
MD, MS to MR,, and MR, to MD channels, respectively, which follow an N-Nakagami
distribution. h is assumed to be the product of statistically independent, but not
necessarily identically distributed, independent random variables
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h= ﬁ a 1)
i=1

where N is the number of cascaded components, and a; is a Nakagami distributed random
variable with probability density function (PDF)

m
f(a)= _amT gem exp (—mazj 2
Q"T(m) Q
where T'(-) is the Gamma function, mis the fading coefficient and £2 is a scaling factor.
The PDF of h is given by [6]

f(h)=—2 — =G} {hZH—‘ } (3)
hHF(m ) =1
where G['] is Meijer’s G-function.

Let y=|h/’, ke{SD, SRI, RDI}, i.e., ysp=|hspl’, Ysr=lhsrl’, and yro=|hrol®. The
corresponding cumulative density functions (CDF) of y can then be derived as [6]

1 Na | M 4
F,(Y)=+—0Cinu yHa‘”‘l"'"mN'o (4)
Hr(mi) =
i=1
By taking the first derivative of (4) with respect to y, the corresponding PDF is obtained
as[6]
1 Nemo
fy (1) = ———— G {yH—'\ ...... } ©)
YH r(m;)
i=1

Based on the AF cooperation protocol, the received signals rsp and rsg, at the MD and
MR, nodes during the first time slot can be written as [8]

o = JKE hsp X+ Ngp (6)
I'sri = +/Gsri KEhggy X+ Nggy )

where x denotes the transmitted signal, nszy and nsp are zero mean complex Gaussian
random variables with variance N¢/2 per dimension. Here, E is the total energy used by
both the source and relay nodes during the two time slots. K is the power allocation
parameter that controls the fraction of power reserved for the broadcast phase. If K=0.5,
equal power allocation (EPA) is used.

During the second time slot, the Ith relay normalizes the received signal and
retransmits the resulting signal. After normalization, the received signal at the destination
is given by [8]

M'rol = /G Ehsg Ny X + Ngpy 8

where nrp is a conditionally zero-mean complex Gaussian random variable with variance
No/2 per dimension.
For FAF relaying, c;is [8]
CI — K(l_ K)GSRIGRDI E / NO (9)
1+ KGgy E / Ng + (L= K)Groy |hron | E/ Ng
If maximal ratio combining (MRC) is used at the MD node, the output SNR can be
calculated as

Ysri1VRrDI (10)

YMrRc = Vsp T Vsrp = Vsp +Zl+y Ty
sri + VroI

where
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K |he| E .
Vsb =i= K|hSD|2V (11)
0
KGen |Ney|* E -
YsRI :—SRIL SRI| = KGer |Nsi|“ 7 (12)
0
2
(1~ K)Grpy [y |* E _
Yrol = RND' o] E _ (L~ K)Gepy |neou | 7 (13)
0
Vsrl = KGSRI E/ Ny = KGSRI Y (14)

3. Approximate Average SEP

The MGF of MRC is [11]
M, . (5) = Ex[exp(=Syrc)]

IMRC
= E,[exp(=sysp ) 1E, [eXP(=Spspp)] (15)

=11,
where E,() denotes expectation.
Substituting (5) into (15), we obtain

|, = E,[exp(-sygp)]
- j: exp(-sKYep ), (Veo )W
1

o . N
= ﬁ 1 J‘O in(l)g [SK}’ySD ‘é}GyNO PSDH%‘W ,,,,,, my ]dySD
I(m) 7P i1 *%

1 1 Nm

= Gﬂl{yngh ...... mN]
Hr(mi) JERL

i=1

As far as we know, a suitable mathematical method to obtain I, exactly is still
unknown. Thus, we adopt the method in [8] to obtain an approximate solution. With this

approach, yp is replaced by its expected value, so the approximate ysrp is
L

A YsriVRDI
VsRD = Z—— — (17)
1= 1+ Ysri + Vrol

(16)

where

Yrol = (1—K)Ggpy 7 (18)
From Appendix A, the resulting approximation for I, is
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Iy = Ex[eXp(—SVSRDA)]

001 2N,0 W N . i |-
IO Wexp(—sw)GO'2N [:HQ—‘HQ—” ey | AW (19)
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- N 2N1| N

N
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Substituting (16) and (19) into (15), the approxmate MGF of Jvre 1S obtained as

A
M., (5) = E, [exp(=Sysp ) JEX[EXP(=Syrp )= il (20)
The approximate average SEP obtained using the MGF method is then [12]

ASEP ZEdJ s %)d@ (21)
3.1 g-ary PAM
For g-ary PAM modulation, D=1, E;=2(q—1) /(nq), 8=n/2, ¢=3/(q°—1), V=0, and
Ag=—1/2, so the average SEP is given by
2(q —1) Inlz M 3

——)do 22
xq % W(q2-1)sin29) @)

PASEP =

3.2 g-ary PSK
For g-ary PSK modulation, D=1, Es&=1/n, 6;=(q — 1)n/q, p.=sin’(n/q), Vs=0, and
Ag=—1/2, so the average SEP is given by

1 p(a-Yz/q sin (7z/ q)
Pacep = — M _(————>)déo 23
ser =, oz ) (23)
3.3 g-ary QAM
For g-ary QAM modulation, D=2, we will consider two cases:
A.when 0=1/2, E=4(\[q —1)/(r\[q), po= 3124 —2), Vs=0, Ag-—1/2;
B. when 0g=n/4, Ei=—4(+q —1)%(nq), ps=3/(29—2), V=0, As-—1/2;
Then the average SEP is given by
A=) (o2 3
Pagp = ———— do
AoEP 7 jo 7 2(q—l)sm29)
(24)
4(Jq-1)° (e 3
[ ™, —)dé
Tq Y0 2(q-1)sin“ 4

4. Numerical Results

In this section, some numerical results are presented to illustrate and verify the average
SEP results obtained in the previous section.
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Figure 2. The Average SEP Performance over N-Nakagami Fading Channels

Figure 2 presents the average SEP performance of a multiple-mobile-relay-based M2M
cooperative network over N-Nakagami fading channels with QPSK modulation. The
relative geometrical gain is ©=0 dB, and the power allocation parameter is K=0.5. The
number of cascaded components is N=2, and the number of mobile relay nodes
considered is L=1,2,3. In all cases, the fading coefficients are msp = msg; = Mrp; = 2. This
Figure shows that the numerical simulation results coincide with the theoretical results,
which confirms the accuracy of the approximate average SEP. Further, the average SEP
performance improves as L is increased. For example, when SNR=12 dB, the average
SEP is 2x10* with L=1, 4x10"® with L=2, and 1x107 for L=3.

Figure 3 presents the effect of the power allocation parameter K on the average SEP of
a multiple-mobile-relay-based M2M cooperative network over N-Nakagami fading
channels with various SNR values. The number of cascaded components is N=2, and the
fading coefficient is m=2. The relative geometrical gain is x=—10 dB, and the number of
mobile relay nodes is L=2. This Figure show that the average SEP performance improves
as the SNR is increased. For example, when K=0.8, the ASEP is 7x107% with SNR=5 dB,
10 with SNR=10 dB, 7x10* with SNR=15 dB, and 3x10™* with SNR=20 dB. Further,
the optimum value of K differs depending on the SNR. For SNR=5, 10 and 15 dB, the
optimum value of K is approximately 0.8, but for SNR=20 dB, it is close to 0.9. This
indicates that the equal power allocation (EPA) scheme is not the best scheme.
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e —<— SNR=20dB
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Figure 3. The Effect of the Power Allocation Parameter K on the Average
SEP Performance
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Figure 4. The Effect of the Fading Coefficient m on the Average SEP

Performance

Figure 4 presents the effect of the fading coefficient m on the average SEP of a
multiple-mobile-relay-based M2M cooperative network over N-Nakagami fading
channels. The number of cascaded components is N=2, and the fading coefficients
considered are m=1,2,3. The relative geometrical gain is =0 dB, and the number of
mobile relay nodes is L=3. The power allocation parameter is K=0.5. This Figure shows
that the average SEP improves as the fading coefficient m is increased. For example,
when SNR=12 dB, the average SEP is 3x10? with m=1, 7x10° with m=2, and 1x10?
with m=3. This is because the fading severity of the cascaded channels weakens as m is
increased. For fixed m, an increase in the SNR reduces the average SEP, as expected.
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Figure 5. The Effect of the Relative Geometrical Gain y on the Average SEP
Performance

Figure 5 presents the effect of the relative geometrical gain x on the average SEP of a
multiple-mobile-relay-based M2M cooperative network over N-Nakagami fading
channels. The number of cascaded components is N=2, and the fading coefficient is m=2.
The relative geometrical gains considered are =10, 0, and —10 dB. The power allocation
parameter is K=0.8, and the number of mobile relay nodes is L=2. This Figure shows that
the average SEP improves as u is reduced. For example, when SNR=12 dB, the average
SEP is 4x10 with =10 dB, 1.5x10° with 4=0 dB, and 4x10® with p=-10 dB. This
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indicates that the location of the relay should near the destination. For fixed u, an increase
in the SNR reduces the average SEP, as expected.
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Figure 6. The Effect of the Number of Cascaded Components N on the
Average SEP Performance

Figure 6 presents the effect of the number of cascaded components N on the average
SEP performance of a multiple-mobile-relay-based M2M cooperative network over N-
Nakagami fading channels. The number of cascaded components considered is N=2, 4,
which denote double-Nakagami, and 4-Nakagami fading channels, respectively. The
fading coefficient is m=2, and the relative geometrical gain is x=0 dB. The power
allocation parameter is K=0.9, and the number of mobile relay nodes is L=2. This Figure
shows that the average SEP is degraded as N is increased. For example, when SNR=14
dB, the average SEP is 8x10°® with N=2, and 4x10 with N=4. This is because the fading
severity of the cascaded channels increases as N is increased. For fixed N, an increase in
the SNR reduces the average SEP, as expected.

5. Conclusion

In this paper, the symbol error probability (SEP) of a multiple-mobile-relay-based
M2M cooperative network over N-Nakagami fading channels was investigated. The
moment generating function (MGF) method was used to obtain approximate average SEP
expressions for various modulation techniques. Analytic and simulation results were
presented which show that the number of mobile relay nodes L, the fading coefficient m,
the number of cascaded components N, the relative geometrical gain x, and the power
allocation parameter K can significantly influence the SEP 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 correlated channels on the average SEP performance.
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Appendix A
First, define two new random variables
VSRlyRDl_ (25)

Z =y ron W = —==
1+ sri + Vrol

The PDF of Z can be expressed as [13, Eq. 21]
ol z
fo(2) =, T 09 T G0

ool 1 GN,O X ﬁ[m] -

ON | —

- 0 x N : . m
Hr(mj) VSRl j=1 =4j
j=1

N -
e A LTRSS

N My
ZHF(mjj) XYrpI JJ—lQ
ji=1
1 001 N,0 X N —
.[0 ;GO'N V=Hmj‘ml """ m |
zHF(m )HF(m”) SRl J=
ji=1
Hm ..... dx
XVRDl it ”‘m]_v my
1
zHF(m )HF(m”)
ji=1 (26)
Goo ——H H
’ Ysri 7RI J-lQJ u—lQ el
and the PDF of W as
1 Nom; m;
fW(W)= N N G(?,EINO V_H H ! ‘ml ------ M2N (27)
wl [Tm)[ Tr(m;) 188
j=L ji=t
where
i_ JsrIVRDI (28)
1+ sri + Vrol
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