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Abstract

The average symbol error probability (ASEP) of a mobile-to-mobile (M2M) system
employing maximal ratio combining (MRC) over N-Nakagami fading channels is
investigated in this paper. The characteristic function (CF) of the signal-to-noise ratio
(SNR) at the MRC output is used to derive exact ASEP expressions for several g-ary
modulation schemes, including phase shift keying (PSK) modulation, quadrature
amplitude modulation (QAM), and pulse amplitude modulation (PAM). Then the ASEP
performance under different channel conditions is evaluated through numerical
simulation to verify the analysis. These results show that the performance of the MRC
M2M system is improved as the number of diversity branches or the fading coefficient is
increased. Conversely, performance is degraded as the number of cascaded components
is increased.
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channels, average symbol error probability, characteristic function

1. Introduction

Mobile-to-mobile (M2M) communication has attracted wide research interest in recent
years. It is widely employed in wireless communication systems, such as mobile ad-hoc
and vehicle-to-vehicle networks [1]. When both the transmitter and receiver are moving,
the channel can be characterized by a double-Rayleigh fading model [2]. Extending this
model to the more realistic Nakagami fading, a double-Nakagami fading model has also
been considered [3]. A generalization of this model, the N-Nakagami distribution, which
is the product of N Nakagami random variables which are statistically independent but not
necessarily identically distributed, was introduced and analyzed in [4].

To improve the spectral efficiency and reliability of M2M communication systems,
multiple-input multiple-output (MIMO) technology can be employed to improve the
capacity or spatial diversity [5]. It is known that spatial diversity techniques such as
maximal ratio combining (MRC), equal gain combining (EGC), and selection combining
(SC) can mitigate the detrimental effects of fading. MRC is the optimal diversity
combining technique which maximizes the signal-to-noise (SNR) [6].

M2M systems employing diversity techniques have been investigated in the literature.
The performance of the MRC M2M systems over non-identical double-Rayleigh fading
channels was derived using the moment generating function (MGF) approach in [7]. The
average bit error probability (BEP) and the outage probability of the MRC M2M systems
over double-Nakagami channels was derived using the MGF approach in [8]. This
approach was also employed to study the effect of MRC and SC over N-Weibull channels
[9]. In [10], the pairwise error probability (PEP) for a cooperative inter-vehicular
communication (IVC) system over double-Nakagami fading channels was derived. The
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SER for an M2M system with decode-and-forward (DF) relaying over double-Nakagami
fading channels was investigated in [11] using the MGF approach.

To date, the analysis of M2M communication systems has concentrated on the
performance of specific diversity combining techniques using the MGF method and the
probability density function (PDF) of the SNR in cascaded channels. However, it is
difficult to obtain a closed form expression for the PDF and cumulative density function
(CDF) of the SNR at the MRC output over N-Nakagami fading channels. In this case, the
characteristic function (CF) method can be used to overcome the limitations of these
methods [12]. Thus, in this paper the CF method is used to derive exact average symbol
error probability (ASEP) expressions for an M2M communication system employing
MRC over N-Nakagami fading channels.

The rest of the paper is organized as follows. The M2M communication system
employing MRC is presented in Section 2. Section 3 provides exact ASEP expressions for
several g-ary modulation schemes, including PSK, QAM, and PAM. Section 4 presents
simulation results to verify and illustrate the ASEP performance. Finally, some
concluding remarks are given in Section 5.

2. The System Model

Consider a product of N independent random variables
N
Z = H a, (1)
i=1

where N is the number of cascaded components, and a; is a Nakagami distributed
random variable with PDF

f(a):zm—aZm—leXp(_ﬂaz\ (2)
Q"r(m) k Q J

where T°(7) is the Gamma function, m is the Nakagami fading coefficient, and Q is a
scaling factor.
The PDF of Z is given by [4]

2 [ _
f,(z) = N GoN,r;l0|ZZHQ_I
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=1
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where G[ ] is Meijer’s G-function [4].

Consider an M2M communication system employing MRC over N-Nakagami fading
channels in the presence of additive white Gaussian noise (AWGN). We assume there are
L independent diversity branches. The instantaneous SNR for the Ith branch is given by

E, 0
N

r|:|z||2 —1,..L (4)

0

where Es is the average energy of a transmitted symbol and N, is the single-sided
AWGN power spectral density. The corresponding average SNR is

n- ()

ES,I
N

=1,-,L 5)

-

0

where E() denotes expectation.
The CDF of r, can be derived as [4]
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' 1 (6)
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By taking the first derivative of (6) with respect to r, the corresponding PDF can be
obtained as

£ (r) = N;GN{LFN[ M mel ()
rT] T(m) L0 =
The SNR at the MRC output is then [13]
L L ) E
rMRC:er:Z|ZI| NS (8)

An L-fold convolution of expressions of the form in (7) can be used to obtain the PDF
of ryrc. Since it is very difficult to perform this convolution, the CF method is used here
to obtain the average SEP performance.

3. Average Symbol Error Probability
The ASEP using the CF method is given by [12]

1 =
=—[ G, (wy,(w, L)dw (9)
27 T
where
GX(W):J'qu(x)exp(— jwx)dx (10)
and
l//X(W,L)zj.x f(x,L)exp(jwx)dx (11)

Pg(x) denotes the symbol error probability for g-ary modulation in an AWGN channel,
¥&(w, L) denotes the CF of the random variable x at the combiner output, and f(x, L)
denotes the PDF of x at the combiner output.

For numerical integration, the substitution w=tan () in (9) can be used to obtain [12]

= ifmf {G, (tan(#))y (tan(6), L)} sec’(0)d@ (12)
T 0

where & denotes the real part of the argument.
From the CF of ryrc, it is straightforward to show that [12]

p "W L) =TT v (w) (13)

=1

where ¥(w) denotes the CF of the SNR of the Ith diversity branch. We consider the
case where the branches are independent and identical, each with a PDF and CDF given
by (6) and (7), respectively. The average SNR for all branches can be expressed as

rer (14)
Substituting (7) into (11) gives
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v, (w) = N : J.:c exp(rjwr)GoN,NO {;ﬁ m; ;\1” My —ldr (15)
[T r(m) fin
To evaluate the integral in (15), the following integral function can be employed [14]
exp(fx):G;‘vf[x ;J (16)
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where 0<m<q, 0<n<p, 0<s<v, 0<t<u, and they are integers. a;, b;, ¢; and d; are arbitrary
real values, and
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Equation (15) can be written as

1 « exp(jwr
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3.1. g-PAM
The symbol error probability (SEP) of g-ary pulse amplitude modulation (PAM) in an
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AWGN channel is given by [15]

B f_i\ ( 6r ) 21
Pq(r)—2L1 qJQL q2—1J (21)
Substituting (21) into (10), we obtain
G (w) = Ll—iijQ{ frljexp(—jwr)dr
q)°° q’ -
1Y - [3r ) _ (22)
:Ll_q_JJ‘D erfct . 71Jexp(—1wr)dr

Next, substituting (20) and (22) into (12) gives the average SEP of g-ary PAM over N-
Nakagami fading channels as

P = g X
PAM ( N \L
HLH F(mi)J
(23)
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3.2.0-PSK
The SEP of g-ary phase shift keying (PSK) modulation in an AWGN channel is given

by [15]
( T \ z _rSiHZZ/q
P, (r) = ZQL /Zsinz—rj—ijn2 e o fdg (24)
q T 29

For a sufficiently large SNR and large values of g, the SEP of g-ary PSK in an AWGN
channel can be approximated as

( z )
Pq(r)zZQL 2sin2;rJ (25)

Substituting (25) into (10) gives

G()ZImQ(z'Z”\ (— jwr)d
L(w) = sin® —r |exp(— jwr)dr
ST (26)
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Now, substituting (20) and (26) into (12), the average SEP of g-ary PSK over N-
Nakagami fading channels can be approximated as

PPSK(F)ZﬁX
| H r(m;) |
izt
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3.3. ¢-QAM

Rectangular quadrature amplitude modulation (QAM) signal constellations are
frequently employed because they provide high bandwidth efficiency with good
performance. QAM is equivalent to two PAM signals on quadrature carriers. For g-ary,
g=2k (k even), rectangular QAM, the SEP in an AWGN channel is given by [15]

2

Pq(r)zlf(lf PPAM,Jq‘) 28)
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1 ( 3r \
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Substituting (28) into (10) gives
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Next, substituting (20) and (30) into (12), the average SEP of g-ary QAM over N-
Nakagami fading channels is
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4. Numerical Results

In this section, numerical results are presented to illustrate and verify the ASEP results
obtained in the previous sections.
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Figure 1. The Impact of Diversity on the Average SEP

Figure 1 presents the impact of diversity on the average SEP of the M2M
communication system employing MRC over N-Nakagami fading channels with binary
PAM. The number of cascaded components is N=2, and the fading coefficient is m=2. The
number of diversity branches is L=1, 2, 3, 4. These results show that the SEP performance
is improved as the diversity branches L increases, as expected. For example, at SNR=10
dB, when L=1 the average SEP is 1.5x107, with L=2 the average SEP is 1x107, with L=3
the average SEP is 1x10™, and with L=4 the average SEP is 8x10°°, which is significantly
lower. An increase in the SNR decreases the average SEP over N-Nakagami fading
channels, but the change is approximately linear.
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Figure 2. The Impact of the Number of Cascaded Components on the
Average SEP

Figure 2 presents the impact of the number of cascaded components N on the average
SEP of the M2M communication system employing MRC over N-Nakagami fading
channels with QPSK modulation. The number of cascaded components is N=2,3,4. The
number of diversity branches is L=2, and the fading coefficient is m=2. These results
show that the average SEP is degraded as the number of cascaded components N is
increased. This indicates worsening channel conditions as N increases. For example, at
SNR=12 dB, when N=2 the average SEP is 4x107%, when N=3, the average SEP is 3x107,
and when N=4 the ASEP is 9x10% As observed previously, an increase in the SNR
results in a reduction of the ASEP over N-Nakagami fading channels.
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Figure 3. The Impact of the Fading Coefficient m on the Average SEP

Figure 3 presents the impact of the fading coefficient m on the average SEP of the
M2M communication system employing MRC over N-Nakagami fading channels with 16
QAM. The fading coefficient is m=1, 2, 3, 4. The number of diversity branches is L=2,
and the number of cascaded components is N=2. These results show that the average SEP
performance improves as the fading coefficient m increases. For example, if SNR=14 dB,
with m=1 the average SEP is 3x107, with m=2 the average SEP is 5x10™, with m=3 the
average SEP is 2x10™, and with m=4 the average SEP is 6x10, which is a significant
improvement over m=1. Increasing the SNR again reduces the average SEP.

5. Conclusion

The ASEP of a M2M communication system employing maximal ratio combining
(MRC) over N-Nakagami fading channels was investigated. Exact ASEP expressions
were derived. Results were presented which show that the number of diversity branches L,
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the fading coefficient m, and the number of cascaded components N have a significant
effect on the ASEP performance. These results can easily be generalized to other diversity
and modulation schemes. 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 ASEP of the MRC M2M system.
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