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Abstract

The average symbol error probability (ASEP) and outage probability (OP)
performance of the switched diversity combining (SDC) system over N-Nakagami fading
channels is investigated in this paper. The probability density function (PDF) of the
signal-to-noise ratio (SNR) is used to derive exact and approximate ASEP expressions for
phase shift keying (PSK) and pulse amplitude modulation (PAM). Exact closed-form
expressions for OP of the SDC system are also presented. The ASEP and OP
performance under different conditions is evaluated through numerical simulation to
verify the analysis. Results are presented which show that the performance of the SDC
system is improved when the number of diversity branches and the fading coefficient is
increased, but is degraded as the number of cascaded components is increased.
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1. Introduction

In recent years, mobile application development is swiftly expanding due to the
popularity of streaming video, gaming, and other social media services [1]. Mobile-to-
mobile (M2M) communication has attracted wide research interest from both academic
and industrial fields. M2M communication is widely employed in many popular wireless
communication systems, such as mobile ad-hoc networks, intelligent highway
applications and mobile ad-hoc applications [2]. However, the classical Rayleigh, Rician,
or Nakagami fading channels have been found not to be applicable in M2M
communication. When both the transmitter and receiver are moving, the channel can be
characterized by a double-Rayleigh fading model in [3]. Afterwards, N-Nakagami
channel is adopted to provide a realistic description of the M2M channel in [4]. 2-
Nakagami is a special case of N-Nakagami with N=2. The exact symbol error rate (SER)
and asymptotic SER expressions for the decode-and-forward (DF) relaying M2M system
over 2-Nakagami fading channels are derived in [5].

As a promising solution for the high data-rate coverage required in M2M
communication systems, multiple-input multiple-output (MIMO) technology has
attracted wide research interest [6]. It has been shown that MIMO technology can provide
the high capacity and spatial diversity required for next generation wireless systems [7-
9]. To improve the spectral efficiency and reliability of wireless communications over
fading channels, spatial diversity schemes are widely employed in MIMO systems. These
include maximal ratio combining (MRC), equal gain combining (EGC), and selection
combining (SC). Unfortunately, MRC and EGC require channel state information, such
as the fading amplitude and phase for the received signals to be combined, which can be
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difficult to obtain. Conversely, SC only employs one of the diversity branches, and so is a
low complexity solution. However, SC is impractical for systems that have uninterrupted
transmission, such as frequency division multiple access (FDMA) systems, since
simultaneous and continuous monitoring of the channels is required. Hence, switched
diversity combining (SDC) is often implemented to solve this problem [10]. From a
signal processing perspective, SDC is simpler to implement than MRC, EGC, or SC,
because an SDC combiner only needs to monitor and process one of the L diversity
branches. The most widely employed SDC technigques are switch-and-stay combining
(SSC) and switch-and-examine combining (SEC). Using the moment generating function
(MGF) approach, the average bit error rate (BER) performance of a dual SSC diversity
receiver over correlated generalized-K (KG) fading channels was analyzed in [11]. Exact
closed-form analytical expressions for the average BER of a multi-branch SEC diversity
system over independent and identically Nakagami-m distributed fading channels were
derived in [12]. Using the MGF method, the average BER performance of a dual-branch
SSC diversity system over k-u fading channels was investigated in [13].

However, to the best knowledge of the author, the performance of an SDC system over
N-Nakagami fading channels has not yet been examined. In [11-13], most results on the
performance of diversity techniques employ the MGF method, while the probability
density function (PDF) of the SNR is largely ignored. Motivated by all of the above, in
this paper, the PDF of the SNR is used to derive exact expressions for the average symbol
error probability (ASEP) of an SDC system over N-Nakagami fading channels. The main
contributions are listed as follows:

1. Closed-form expressions are provided for the PDF and cumulative density
functions (CDF) of the SNR over N-Nakagami fading channels. These are used to derive
exact ASEP expressions.

2. The exact closed-form OP expressions for an SDC system are also derived.

3. The ASEP and OP performance under different conditions is evaluated through
numerical simulation to verify the analysis. Results are presented which show that the
performance of the SDC system is improved when the number of diversity branches and
the fading coefficient is increased, but is degraded as the number of cascaded components
is increased.

4.  The derived ASEP and OP expressions can be used to evaluate the ASEP and OP
performance of the vehicular communications, such as inter-vehicular communications,
intelligent highway applications and mobile ad-hoc applications.

The rest of the paper is organized as follows. The SDC system model is presented in
Section 2. Section 3 provides exact and approximate ASEP expressions for phase shift
keying (PSK) and pulse amplitude modulation (PAM). Exact closed-form OP expressions
are presented in Section 4. Monte Carlo simulation is used in Section 5 to confirm the
analytical results in the previous sections. Finally, some concluding remarks are given in
Section 6.

2. System Model

Z follows N-Nakagami distribution, which can be represented by a product of N
independent random variables [4]

Z=1__N[ai (1)

where N is the number of cascaded components, and a; is a Nakagami distributed
random variable with PDF as
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I'(:) is the Gamma function, mis the fading coefficient and £2 is a scaling factor.
According to [4], the PDF of Z is given as
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where G['] is Meijer’s G-function.

Now consider an SDC system over an N-Nakagami fading channel with additive white
Gaussian noise (AWGN). We assume there are L independent diversity branches. The
instantaneous SNR of the jth branch is given by [14]

S j=1,..,L 4)

where E; is the average transmitted symbol energy and N, is the single-sided AWGN
power spectral density.

The corresponding average SNR is given as [14]

—_ 2 E
rJ.:E(‘Z].‘) S i=1,...,L %)
N
0
where E(-) denotes expectation.
The CDF of rjcan be expressed as [4]
[, N 1
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Taking the first derivative of (6) with respect to r gives the corresponding PDF as [4]
N |
() = =GN =] m, [0 7)
rH r(mi) Lrj i=1 J
i=1

First consider the case where the branches are independent and identically distributed,
with PDF and CDF given by (6) and (7), respectively. The average SNR can then be
written as

r=r, 8)
The PDF of rsgc is given as [10]
[F (ry)f (r) O0<r<m
fssc(r):< " " (9)
| L+ F (r)If (r) r=r,

where f,(-) and F,(:) are the PDF and CDF of the instantaneous SNR for a diversity
branch, and ry, is the switching threshold.

The PDF of rsec is given as [10]
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This shows that the PDF of rsgc does not depend on the number of diversity branches
L. The PDF of rsgc has the same expressions as the PDF of rssc when L = 2. Thus we
only need to analyze an SEC in the remainder of this paper.
3. The ASEP Performance

The SEP averaged over the fading SNR is given by [15]

P = [ PN fuee (r)dr (11)

where Py(x) denotes the SEP of the g-ary modulation employed. We first consider g-
ary PAM and then g-ary PSK.
A.PAM

The SEP of g-ary PAM modulation in an additive white Gaussian noise (AWGN)
channel is given by [15]

Pq(r)—Z(l—éJQ[ qfil] (12)

Substituting (10) and (12) into (11), the ASEP of g-ary PAM over N-Nakagami fading
channels is

|
L (13)
\
\

L-1

L-1 [Fr(rth)] _lGZ
Fo(ry)-1

By the help of [16, eq. 21], G, can be given as
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(14)

(15)

and substituting (6) into (15) gives
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Next, GG; is evaluated. We can rewrite the Meijer’s G-function as [17, eq.9.303
]
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Substituting (17) into (16), we can obtain
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where

X

y(a,x):jo exp(—t)t“'ldt,Re(a)>0 (21)

B. PSK
The SEP of g-ary PSK modulation in an AWGN channel is given by [14]

T s|n27z/q
T
P, (r) = 2Q( /25in2£r)——'[f”e c0s0 g (22)
q L —
q

For large SNRs and large values of g, the SEP of g-ary PSK can be approximated as

P, (r) ~2Q( fZSinzlr) (23)
q

Substituting (23) into (11), the ASEP of g-ary PSK over N-Nakagami fading channels

can be approximated as
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q
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4. The OP Performance
The OP is given by [14]

It

P,=Prl0sr=r] =j fogc (r)dr (28)

out
0

where rris a given threshold for correct detection.
Substituting (10) into (28) results in
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5. Numerical Results

In this section, we present Monte-Carlo simulations and numerical methods to
confirm the derived analytical results. The simulation results are obtained for BPAM and
QPSK modulations. 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 number of diversity branches is
L=1,2,3,4, the fading coefficient is m=1,2,3, and the number of cascaded components is
N=2,3,4.

10

T
——L=1

ASEP

10

2 4 6 8 10 12 14 16 18 20
SNR(dB)

Figure 1. The Effect of the Diversity Branches L on the ASEP Performance
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Figure 1 presents the ASEP performance of an SDC system over N-Nakagami fading
channels with BPAM modulation. The number of cascaded components is N=2, and the
number of diversity branches is L=1, 2, 3, 4. When L=2, SEC is equivalent to SSC. The
fading coefficient is m=2 and the switching threshold ry,is 10dB. These results show that
the ASEP performance is improved as the number of diversity branches L is increased.
For example, when SNR=16dB, for L=1 the ASEP is 2.6x107, for L=2 the ASEP is
5.6x10™, for L=3 the ASEP is 1.2x10™, and for L=4 the ASEP is 2.6x10°. For fixed L, an
increase in the SNR reduces the ASEP over N-Nakagami fading channels.

T .

—— m=1
—E— m=2
—%— m=3

10*

2 4 6 8 10 12 14 16 18 20
SNR(dB)

Figure 2. The Effect of the Fading Coefficient m on the ASEP Performance

Figure 2 presents the ASEP performance of an SDC system over N-Nakagami fading
channels with QPSK modulation. The number of cascaded components is N=2, the
number of diversity branches is L=3, and the fading coefficient is m=1, 2, 3. The
switching threshold ry, is 13dB. These results show that the ASEP is improves as the
fading coefficient m increases. For example, when SNR=12 dB, for m =1 the ASEP is
8.1x10%, for m =2 the ASEP is 2.5x107, and for m =3 the ASEP is 1.2x10?. This is
because the fading severity of an N-Nakagami channel is reduced with a larger m. For
fixed m, an increase in the SNR reduces the ASEP over N-Nakagami fading channels, as
expected.

10°

T
—O— N=2
—H— N=3

—s%— N=4
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Figure 3. The Effect of the Number of Cascaded Components N on the
ASEP Performance

Figure 3 presents the ASEP performance of an SDC system over N-Nakagami fading
channels with BPAM modulation. The number of cascaded components is N=2, 3, 4,
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which corresponds to double-Nakagami, 3-Nakagami, and 4-Nakagami fading channels,
respectively. The number of diversity branches is L=3, and the fading coefficient is m=2.
The switching threshold ry, is 10dB. These results show that the ASEP is degraded as N
increases. For example, when SNR=12dB, for N=2, the ASEP is 2.3x107, for N=3 the
ASEP is 6.7x107%, and for N=4 the ASEP is 1.4x102.This is because the fading severity
of the cascaded channels increases as N increases. For fixed N, an increase in the SNR
reduces the ASEP, as expected.

10°

10

10°

Outage Probabilities

10°

10

2 4 6 8 10 12 14 16 18 20
SNR(dB)

Figure 4. The OP for an SDC System over N-Nakagami Fading Channels

Figure 4 presents the OP performance of an SDC system over N-Nakagami fading
channels. The number of cascaded components is N=2, 3, the number of diversity
branches is L=3, and the fading coefficient is m=1, 2, respectively. The switching
threshold ry, is 4dB, and ry is 2dB. These results show that the OP improves as the fading
coefficient m is increased. For example, when SNR=12 dB and N=2, for m=1 the OP is
2x1072, and for m=2 the OP is 1x107. Further, an increase in the number of cascaded
components N degrades the OP performance. For example, when SNR=12 dB and m=2,
for N =2 the OP is 1x1073, and for N =3 the OP is 6x10. For fixed N and m, an increase
in the SNR results in a reduced OP over N-Nakagami fading channels.

6. Conclusion

The ASEP and OP performance of an SDC system over N-Nakagami fading channels
is investigated in this paper. Exact and approximate ASEP and OP expressions are
derived. Performance results are presented which show that the number of diversity
branches L, the fading coefficient m, and the number of cascaded components N have an
important impact on the ASEP and OP performance. The derived ASEP and OP
expressions can be used to evaluate the ASEP and OP 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 OP performance.
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