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Abstract — This paper studies wireless communication
system with micro- and macrodiversity reception in gamma
shadowed Nakagami-m fading channels. N-branch maximal-
ratio combining (MRC) is implemented at the micro level
(single base station) and selection combining (SC) with two
base stations (dual diversity) is implemented at the macro
level. Expression for the moments, which is very useful since
it can be used to directly obtain important system
performance measures, such as the average signal value and
amount of fading (AoF), is analytically derived. Various
numerical results are graphically presented to illustrate the
proposed mathematical analysis and to show the effects of
various system parameters to the system performance, as well
as enhancement due to use of the combination of micro- and
macrodiversity.

Keywords —  Gamma  shadowing,
microdiversity, Nakagami-m fading.

macrodiversity,

I. INTRODUCTION

N wireless communication systems, the received signal

can be affected by both short-term fading and long-term
fading (shadowing). Short-term fading is the result of
multipath propagation while shadowing is the result of
large obstacles between transmitter and receiver [1].
Diversity combining, which combines multiple replicas of
the received signal, is a very efficient technique to mitigate
these detrimental effects and to improve the performance
of wireless communications systems at relatively low cost
[2]. Space diversity [3], [4], achieved by using multiple
receive antennas, is the most common form of diversity.
The most popular space diversity techniques are selection
combining (SC), equal-gain combining (EGC) and
maximal-ratio combining (MRC).
Diversity techniques at single base station (microdiversity)
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reduce the effects of short-term fading. Impairments due to
shadowing can be mitigated wusing macrodiversity
techniques which employ the processing of signals from
multiple base stations. The use of composite micro- and
macrodiversity has received considerable interest due to
the fact that it simultaneously combats both short-term
fading and shadowing.

Fading envelope of the received signal is usually described
with Rayleigh, Rician, Nakagami-m and Weibull statistical
models. The average power, which is random variable due
to shadowing, is wusually modeled with lognormal
distribution. A composite multipath/shadowed fading
environment modeled either as Rayleigh-lognormal,
Rician-lognormal or Nakagami-lognormal is considered in
[51-[8]. Unfortunately, the use of lognormal distribution to
account for shadowing does not lead to a closed-form
solution for the probability density function (PDF) of the
signal-to-noise  ratio (SNR) after and
macrodiversity combining making the analysis of system in
shadowed fading environment very ponderous. Based on
theoretical results and measured data, it was shown that
gamma distribution does the job as well as lognormal [9],
[10]. A compound fading model incorporates both short-
term fading and shadowing which is modeled using gamma
distribution instead of lognormal distribution [10]-[15].

In this paper, we investigate wireless communication
system with micro- and macrodiversity reception using
respectively MRC and SC in a correlated gamma
shadowed Nakagami-m fading channels. Analytical
expression for the moments of signal after processing at
the micro and macro level is derived. The analytical
expression for the moments is very useful since it can be
used to directly obtain important performance measures,
such as the average signal value and amount of fading
(AoF). Numerical results are graphically presented to show
the effects of fading severity, shadowing severity, number
of diversity branches at the micro level and correlation
coefficient on system performance, as well as enhancement

micro-

due to use of the combination of micro- and
macrodiversity.

II. SYSTEM MODEL
Macrodiversity composed of two  geographically

distributed microdiversity systems (base stations) per cell
operating over gamma shadowed Nakagami-m fading
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channels is analyzed in this paper (see Fig. 1). N-branch
MRC receiver is implemented at the micro level (single
base station) and SC receiver which involves the use of
two geographically distributed base stations (dual
diversity) is implemented at the macro level. The
macrodiversity SC scheme is based on the simple selection
of the base station with the larger average power. The
improvement in performance gained through the use of
multiple antennas at the single base station is larger when
the signals corresponding to each antenna are
approximately independent, i.e. when the separation
between antennas is on the order of one half of a
wavelength. Two base stations are treated to have nonzero
correlation. It is realistic scenario because shadowing has a
larger correlation distance and it is difficult to ensure that

base stations operate independently, especially in
microcellular systems [6].
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Fig. 1 System model

The PDF of the signal received by the ith antenna at the jth
base station in the presence of Nakagami-m fading is
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where I'(*) is gamma function, €; is the average power of

the signal at the jth base station and m is Nakagami fading

parameter which describes fading severity (m>0.5). As

parameter m increases, the fading severity decreases. After

. 2
transformation X; =1 (1) becomes
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The result signal at the MRC output of the jth base station

is the sum of squared envelopes of Nakagami-m faded
signals, x; = ZZI r,” . or equivalently, x; = Zinj with

PDF given by [16, (71)]

M-1 M

al exp Mx ji=1L2 (3)
INOUAN v, ! ’ ’

where y; is the total input power (y=N€;) and M=Nm.

The conditional nature of the PDF in (3) reflects the
existence of shadowing with y; being random variable. The
joint PDF of y, and y, follows the correlated gamma
distribution [17], [18]
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where p is the correlation between y; and y,, c is the order
of gamma distribution, yj is related to the average power of
yy and y,, I,(+) is the first kind and nth order modified
Bessel function. The severity of gamma shadowing is
measured in terms of ¢. The lower value of ¢ means the
higher shadowing while the value of ¢ = corresponds to
a pure short-term fading channel. The relationship between
the parameter ¢ and standard deviation ¢ of shadowing in
dB in the lognormal shadowing exists through

0(dB)=4.3429\/y" (c), where ' (-) is the trigamma
function. The typical values of ¢ are between 2-12 dB.
Selection diversity is applied at the macrolevel. Namely,
the base station with the larger average power is selected to
provide service to the user. Using the concepts of
probability, the PDF of x after diversity combining at the
micro- and macrolevel can be derived as

pe(x)= fdyl E Py (x0) Py, (3122) dy,
+J:d)’2 E ., (x]y2) Py, (31032) v, (5)
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which, by substituting (3) and (4) and using [19, egs.
(8.445), (3.381/2) and (3.471/9)], yields
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III. MOMENTS OF THE RECEIVED SIGNAL

The Lth order moment of the received signal can be
derived as [20, eq. (5-38)]

X, =£<xL>=°]-prx (x)dx | (7
0

Substituting (6) in (7) and using [19, eq. (6.561/16)], Lth
moment can be written as
1
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A composite multipath/shadowed fading environment can

be described by using the average signal value and AoF.
The analytical expression for the moments is very useful

XL

®)

500



since it can be used to directly obtain these important
performance measures. The average signal value can be
obtained by setting L=1 in (8), i.e.

X=X, ©)
The AoF is can be expressed in terms of first and second
order moments as

AoF =2 1. (10)
X

Typically, this performance measure is independent of the

average power. The higher order moments (L>2) are also

useful in signal processing algorithms for signal detection,

classification, and estimation and they play a fundamental

role in studying the performance of wideband

communication systems.

IV. NUMERICAL RESULTS
Using the previous mathematical analysis, performance
evaluation results for the proposed communication system
are presented in this section.

TABLE 1: The number of terms needed to be summed in
(9) to achieve accuracy at the 4™ significant digit (M=2.2)

yo(dB) p=0.2 p=0.6
c=03 | c=1.2 | ¢=5.2 || ¢=0.3 | c=1.2 | c=5.2
0 14 17 25 24 23 41
5 15 22 29 25 27 42
10 18 22 30 25 29 44

Table II The number of terms needed to be summed in
(10) to achieve accuracy at the 4th significant digit

c p=0.2 p=0.4 p=0.6
M=22 | M=44 | M=22 | M=44 | M=22 | M=44
0.2 21 20 23 24 27 26
3 21 20 23 24 30 31
6 21 19 23 23 28 32

Analytical expressions for the average signal value and
AOF are in the form of the nested infinite multiple sums.
But, these expressions converge rapidly, and therefore,
they can be efficiently used. Tables I and II summarize the
number of terms needed to be summed in expressions for
the average signal value and AoF, respectively, to achieve
accuracy at the 4™ significant digit.

In Fig. 2, the average signal value is plotted as a function
of yo. As it was expected, system performance improves
with an decrease of correlation coefficient and shadowing
severity. In this figure, we also wanted to see and establish
improvement obtained through macrodiversity. For

example, for M=2.2, at an x of 25, the macrodiversity
gain for ¢=5.2 and p=0.2 is about 0.9 dB, for p=0.6, 0.7
dB; for ¢=0.3 and p=0.2 is about 2.2 dB while for p=0.6 is
1.6 dB. The macrodiversity gain here is defined as the
reduction in the y, compared with the case having no
macrodiversity (see Appendix). Therefore, it can be
deduced clear conclusion that the combination of micro-
and macrodiversity provides significant performance

improvement, especially in environment under higher
shadowing severity.
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Figure 2. Average signal value versus y, for different
correlation coefficient and shadowing severity
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Figure 3. AoF versus c for different values of
parameter M and correlation coefficient

Fig. 3 presents the AoF versus ¢ for different values of
parameter M and correlation coefficient. It is observed that
AOoF decreases with an increase of ¢ and/or M, while when
p increases, AoF also increases resulting in performance
degradation.

V. CONCLUSION

In this paper, system with micro- and macrodiversity
reception was considered. The received signal envelope
has a Nakagami-m distribution and it also suffers gamma
shadowing. Microdiversity scheme is based on N-branch
MRC and macrodiversity scheme is based on dual SC.
Expression for the moments was analytically derived. This
expression is very useful since it can be used to directly
obtain important system performance measures, such as the
average signal value and AoF. They require the summation
of an infinite number of terms. However, the presented
infinite-series representations converge for any value of the
parameters and accordingly, they enable great accuracy of
the evaluated and graphically presented results. Numerical



results show that the system performance improves with an
increase of the shadowing parameter ¢ and/or parameter M
while an increase of the correlation coefficient leads to
deterioration of the system performance. Improvement
achieved through macrodiversity is also established.

APPENDIX: The case of no macrodiversity

The PDF of the signal at the output of single base station
(the case of no macrodiversity) in shadowed Nakagami-m
fading channels is

p.(x)= [ p.(xly)p, (v)dy

where p, (y)is the gamma PDF of the average power

(1)

given by [18]
Y exp(=y/y,)
(c)y,

Substituting (3) and (12) in (11) and after some
straightforward manipulations, integral can be solved with
the use of [19, (3.471/9)], resulting in analytical expression
for the PDF of x

p,(y)= (12)
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Substituting (13) in (7) and using [19, (6.561/16)], Lth
moment for the case with no macrodiversity can be written
as

% T(c+L)T(M+L)

L(M)HC(c)M* 1
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