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Abstract: - The effect of correlated lognormal shadowing on the average probability of error performance of na-
rrow-band wireless sensor network systems with micro- and macrodiversity reception in a Rician fading chann-
el is investigated by considering a constant correlation model for the shadowed signals at the fusion center or
sensor sink of wireless sensor network with radio channel. The performance degradation due to correlated sha-
dowing is illustrated by considering both coherent and differentially coherent binary phase-shift keying sche-
mes. Numerical results presented show that when the sensors in a wireless sensor network system are very clo-
sely spaced, the effect of correlated shadowing on system performance cannot be ignored. The obtained results
allow us to define the lower and upper bounds on wireless sensor network system performance.
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1 Introduction
With the increasing demand for wireless sensor net-
work systems and services, a problem to increase wi-
reless sensor network system capacity has a great in-
terest. This problem may be solved under the use of
the generalized approach to signal processing in noi-
se [1]-[5]. Propagation measurements in environ-
ment have shown that the received signal envelope
has a Rician distribution [6]. In addition to the insta-
ntaneous Rician fading, the received signal in these
wireless sensor network systems also suffers lognor-
mal shadowing that is caused by obstructions betwe-
en the sensor nodes and the sensor sink (radio port)
[7].

Diversity reception is a well-known means to miti-
gate the effects of fading and shadowing. It exploits
the random nature of the radio propagation by com-
bining, or selecting from two or more independent
(or at least highly uncorrelated) fading signals paths,
resulting in improved system performance. Microdi-
versity reduces the effect of instantaneous short-term
fading at the radio port and can result from explicit
or implicit diversity [8].

In the presence of long-term fading (shadowing),
macrodiversity, which involves the use of a group of
geographically distributed radio ports to serve sensor
sink, has been shown to significantly improve wire-
less sensor network system performance. The most
commonly used macro diversity combining scheme is

based on the simple selection of the radio port with
the largest local mean signal power [9], although oth-
er macrodiversity combining methods have been pro-
posed to further improve the diversity gain and the
system capacity [1OJ.

The use of composite microdiversity has drawn co-
nsiderable attention recently since this simultaneous-
ly combats both short-term fading and long-term sha-
dowing [11]-[14]. In most of these and other existing
literature on the effect of macrodiversity on the aver-
age probability of error, the assumption of uncorrela-
ted shadowing between different radio ports is usual-
ly made. This requires large spatial separations bet-
ween the radio ports. However, correlated shadowing
may exist in some practical wireless sensor network
systems as a result of closely spaced sensor nodes as
they are likely to be shadowed by the same obstacles
[13], [14].

In this paper, we investigate the effect of correlated
lognormal shadowing on the average probability of
error of wireless sensor network system with micro-
and macrodiversity reception in a correlated lognor-
mal-shadowed Rician fading channel based on the
generalized approach to signal processing in the pre-
sence of noise [1]-[5]. We present a semianalytical
expression for the probability distribution function at
the generalized detector output of the sensor sink of a
selection-based macrodiversity wireless sensor
network system. The performance degradation due to
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If correlated shadowing is investigated for a special un-
iform correlation model. We define the lower and up-
per bounds on wireless sensor network system perfo-
rmance.

2 System Model
We consider a wireless sensor network system in
which N radio ports are used to serve the sensor sink.
Each radio port has a L-branch microdiversity and
operates over a lognormal-shadowed Rician fading
channel. Letxil'xiZ"",xiL be the statistically indepe-
ndent envelopes of the faded signals incoming at the
input of the generalized detector of the sensor sink.
These signals are received on the L microdiversity
branches at the i-th radio port of the sensor sink.
Each input signal can be presented in the form

{

n -7 Ho
xij= I} ,j=I,...,L,

Sij + nij -7 HI

where sij is the transmitted information signal andnij
is the additive Gaussian noise.

The instantaneous signal-to-noise ratio (SNR) at
the output of the generalized detector of the i-th radio
port (the sensor sink) according to the generalized
approach to signal processing in the presence of noi-
se [1]-[5] is given by

E L- b "'"
qb - --:j L Zik ,

40- k;1

where Eb is the transmitted signal energy per inform-

ation bit, o-Zis the variance of the additive white Ga-
ussian noise, and

{

Z Z H. 2 nZik - nlik -7 °Zk =2S' kX' k -X' k +n Z'
k

=
I I I r I Z Z Z

Sik +nZik -nlik -7 HI

(3)
is the sufficient statistic at the output of the generali-
zed detector of the i-th radio port of the sensor sink,

where Si:is the reference information signal, niik -
n~k is the backgroundnoiseformingat the outputof

the generalized detector, nlikis the noise forming at
the output of the preliminary filter of input linear

tract of the generalized detector, nZikis the noise for-
ming at the output of the additional filter of input li-

near tract of the generalized detector. The noise nlik

and nZikare uncorrelated between each other and ha-

ve the same statistical characteristics as the noise nik
at the input of the generalized detector [2].
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The probability distribution function (pdt) of the
instantaneous SNR, conditioned on the local-mean
SNR per microdiversity branch

Eb Eb
qOi =M[zij] 40-4 =Qi 40-4

whereM[.] is the mean, is givenby

_[(K+l)qb +KL] L-I
J: ( I . ) = K+I e go; [(K+I)qb ]z

qb qb qol KLqw ~

(4)

(1)

(
~

KL(K + l)qb )x JL-I 2 ,
qOi

where J L-l(x) is the Bessel function of the L - 1order

of an imaginary argument, K is Rice factor defined as
the ratio power in the specular and scattered compo-
nents [6]. Due to the presence of shadowing, the loc-
al mean power of the received signal at the i-th radio
port Qi is lognormally distributed. Therefore, in deci-

bels, the local mean power
Qi =IOlogQi (6)

is a normally distributed random variable, with stan-
dard deviation typically between 6-12 dB. For a loc-
al-mean-based macrodiversity scheme in which each
sensor is connected to the radio port with the largest
local-mean power, the output of the generalized dete-
ctor with microdiversity combiner is

Q=max{QI'QZ,...,QN} . (7)
It is noted that the local radio port that yields the lar-
gest local-mean power Q also yields the largest local
-mean SNR, Le.,

Qo = IOo.IQ Eb4 .40-

The overall average probability of error with mic-
ro- and macrodiversity reception is then given by

(5)

(2)

(8)

=

1.r= f1.r(QoIQ)fQ(q)dq,

where f Q(q) is the pdf of Q and P.r(Qo IQ) is the

conditional average probability of error for a given
local-mean SNR at the selected radio port. Closed-
form expressions for P.r (Qo IQ) in a slow-fading Ri-
ce channel are available for both coherent and non-

coherent (differentially coherent) M-ary phase-shift
keying (PSK) signals [15], [16], in the presence of
microdiversity combining techniques [17].

(9)

3 Correlated Shadowing
Consider an effect of correlated shadowing based on
techniques discussed in [18]. In evaluating the avera-
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ge probability of error of wireless communication sy-
stem with micro- and macrodiversity reception, it is
usually assumed, for analytical convenience, that the
macrodiversity branches are uncorrelated. However,
measurements in several environments have shown
that, for example, in mobile communication a lognor-
mal shadow fading on the paths between a mobile
user and the surrounding base stations are usually co-
rrelated [19], [20]. We may apply this example for
wireless sensor network system assuming that a log-
normal shadow fading on the paths between a sensor
sink and sensors are correlated.

The degree of correlation depends not only on the
separation between sensors but also on the sensor fi-
eld (geographical location, surrounding terrain, medi-
um, and so on), the angle of arrival of the received si-
gnals, and other factors. In order to study the effects
of correlated lognormal shadowing on the macrodi-
versity system, we consider the general case of nor-
mal variables with correlation coefficients under the

use of the generalized approach to signal processing
in the presence of noise [1]-[5],

.. = M[
(q - f.1;)(Qj - f.1j )

]
. .

(10)PI} z z ,l*-} .
40"; 0" j

The cumulative distribution function (cd£) of Q is
given by

rQ(tlN)=Pr(QI <q;Qz <q;...;QN <q;)

1 /1 /, IN

= f f-. fexp(-O.SXTR-Ix)dX
~(2n)N deteR) --~ -~

(11)
and

fQ(q) = d~Q(t IN)
dq

(12)

where

t; =q - ~;, i = 1,2,...,N , (13)20"

t={tt,tz,...,tN} , (14)

X={xpxZ,...,XN} , (1S)
and R is the N x N correlation matrix. In general, it
is difficult to evaluate (11) analytically. The special
case of dual-branch macrodiversity(N =2) has been

discussed in [13]. In [14], we can find the Monte Ca-
rlo technique to perform the performance analysis for
arbitrary N; however, this method is quite time con-
suming.

To simplify the evaluation of (11), we use the pro-
cedure discussed in [IS]. We assume that there exists
a constant correlation between the mean signal po-
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wers at any two sensor nodes, i.e., P ij = P for i *-j . It
can be shown that with this model, the correlation
between local-mean powers of the received signals at
the sensor sink may be the same even when the sen-
sor nodes are at unequal distances from the sensor
sink since the correlation depends on the standard de-
viation of the shadowing process rather than the area
mean, which is distance dependent [19]. For the con-
stant correlation model, it is straightforward to show
that using results in [21] the cdf of Q is given by

~N - ( 1I+2'- p O"z )
rQ(qIN)= IDr[q r; 'JfJz iY ]f(y)dy,

-~ ;=1 2-Jl - P 0";
(16)

where ~O and fey) are the standard normal cdf

and pdf, respectively, for P ~ O. From (16), we obta-

in the pdf of Q as

fQ(q IN)

=sf 1 exp{ [q-(f.1;+2.JP0";Zy)]z}
-~ ;=1-J8n(1- p)O";z 8(1- p)0";4

xfIr[q-(f.1j +2.JP~JY)]f(Y)dY .
j=1 2-Jl- P O"j
j*;

For the special case of uncorrelated lognormal sha-
dowing (p =0) , we obtain the result that is analogo-

us to [11]. The integral in (17) can be easily evaluat-
ed numerically using Hermite integration, i.e.,

1 n

fQ(qIN)= rn t;Wkg(Yk)

(17)

(1S)

with
g(y)

N

=2: 1 exp { [q - (f.1; +2.JP0";z y)]Z }
;=1 -JSn(l- p)O";z 8(1- p)0";4

xfIr[q-(f.1j +2.JPO"Jy)]
/=1 2-Jl- P O"Z f(y)dy ,
J~ J

(19)

where Wk and y k are the weight factors and roots of
the n-th order Hermite polynomial, which are tabula-
ted in [22] for different values of n. We note that in
(1S), a value of n =20 yields sufficiently accurate
results.

4 Numerical Results
In this section, we present the average bit-error rate
(BER) obtained by numerically evaluatingthe deri-
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ved expressions for the wireless sensor network sys-
tem employing micro- and macrodiversity. We assu-
me that the sensor sink is located at the point which
is equidistant to all sensor nodes, so that,lii =,li for

i = 1,2,...,N . Then, since the common area mean,li of
the lognormal shadowing is a scaling factor, it is as-
sumed to be 0 dB, without loss of generality. In addi-
tion, all the radio ports are assumed to experience eq-

ually severe shadowing, Le., ai2 = a2 for i = 1,2,...,
N.

To illustrate the effect of both micro- and macrodi-
versity on the average probability of error in a corre-
lated lognormal shadowing environment, the numeri-
cal results are presented for binary phase-shifted key-
ing signals (BPSK) in a Rician fading channel with
Rice factor K =5 dB. Analogous forms of expressi-
ons for the conditional average probability of error,
for a given local-mean SNR qo, in a Rician fading
channel with L-branch microdiversity that are avail-
able elsewhere in the literature are used to obtain the
numerical results. For coherent BPSK, we use [15,
Eq. (28)], while for differentially coherent BPSK
(OPSK) with post detection combining, we use [15,
Eq. (54)] and (18) in (9). The resulting integral is
then evaluated numerically. On all the graphs, we
plot the average probability of error versus the avera-
ge SNR defined by (8).

Figure 1 shows the effect of correlated lognormal
shadowing on wireless sensor network system perfo-
rmance for BPSK modulation schemes, with N = 3 ,

L = 2, and (j2 = 9 dB. It is observed that as the cor-
relation coefficient p increases, the wireless sensor
network system performance deteriorates. For exam-

ple, at an average BER of 10-4 , as much 7.2 dB mar-
gin is required for the wireless sensor network sys-
tem with correlated shadowing (p =0.6) to provide

the same performance as that for the wireless sensor
network system with uncorrelated shadowing (p =0)

As the correlation coefficient tends to unity, the per-
formance obtained coincides with that with no mac-

rodiversity. As expected, the performance of OPSK
is about 1.5 dB worse than that for coherent BPSK

detection. The BER performance for wireless sensor
network system employing the Neyman-Pearson de-
tector (NP) for coherent BPSK detection (no macro-
diveristy) is shown for comparison. The presented
performances show a great superiority of employ-
ment of the generalized detector (GO) in wireless
sensor networks.

In Figure 2, the average probability of error is plot-
ted with different orders of macrodiversity N under a
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light shadowing condition (j 2 =6 dB with P =0 and
L =2 for coherent BPSK signals. It is obvious that
the use of macrodiversity reception enhances wire-
less sensor network system performance. At an ave-

rage BER of 10-4, for a five-branch macrodiversity
system (N =5 ), the reduction in the required avera-
ge SNR is about 8 dB compared with the case of no
macrodiversity (N =1). For comparison, Fig. 2 pre-
sents the BER performance under the use of the NP
detector (N =1) to underline a superiority of emplo-
yment of the generalized detector over NP detector.
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Figure 1. Average BER performance under correla-
ted lognormal shadowing for coherent (CPSK) and
differentially coherent (OPSK) BPSK modulation

schemes: K =5 dB; L =2; N =3; a2 =9 dB; 1- P

= 1.0(no macrodiversity); 2 - P = 0.6;3 - P = O.

Figure 3 showsthe wireless sensor networksystem
performance for the similar conditions as in Fig. 2
but with correlated shadowing (p =0.5) . From Figs.
2 and 3, we noticethat the significanceofthe macro-
diversitygain decreasesas the order of macrodiversi-
ty N increases, especially for N > 3 . For example, at
an averageBERof 10-4, the diversitygain is 3.5 dB
for N =3 while the gain is 4.0 dB for N =4 (only 0.5
dB difference), for correlated shadowing witha2 =6
dB and p =0.5 . The diversity gain here is defined as
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Figure 2. Average BER performance under a light

shadowing condition ((J'2 =6 dB) for coherent BPSK
detection with K =5 dB, L = 2,N = 3, p= 0, and

different orders of macrodiversity: 1- N =1,2 - N =
5, and 3 - N = 10.

the reduction in the average SNR compared with the
case of no macrodiversity(N =1). In addition, the di-

versity gain obtained by increasing N may be counte-
red by the loss in BER performance due to the corre-
sponding increase in the correlation.

5 Conclusions
We have derived semianalytical expressions for the
average probability of error for a wireless sensor net-
work system based on the generalized approach to si-
gnal processing in the presence of noise with micro-
and macrodiversity in a Rician fading channel and
compared the BER performances under the use of the
generalized detector and NP detector. The analysis
incorporated the effect of correlated lognormal shad-
owing on the wireless sensor network system perfor-
mance. Since the general result for an arbitrary corre-
lation model is computationally difficult, we have
analyzed a simple constant correlation model, with
which the correlation coefficient between any two-
macro diversity branches is a constant p. The results
showed that macrodiversity could significantly miti-
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gate the effect of shadowing on the wireless sensor
network system performance, particularly in heavy
shadowing environments. The results obtained also
indicate that when the sensor nodes are closely loca-
ted in a sensor field, the effect of correlation on the
wireless sensor network system with macrodiversity
cannot be ignored. If the correlation is very strong,
i.e., p -7 1, the performance coincides with that with

no macrodiversity. The combination of micro- and
macrodiversity is more effective in providing perfor-
mance improvement than either microdiversity or
macrodiversity even under a correlated shadowing
environment.
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Figure 3. Average BER performance with different
orders of macrodiversity N =1,2,.,.10for coherent
BPSK detection under a light shadowing condition
(0'2 = 6 dB) with K = 5 dB, L = 2, and p = 0.5 .

Most of the results available in the literature on the

effects of macrodiversity have assumed uncorrelated
(p =0) shadowing. This provides a lower bound on

wireless sensor network system performance in the
presence of correlated shadowing. The results prese-
nted in this paper for the constant correlation model
provides an upper bound on wireless sensor network
system performance when the value of the correlati-
on coefficient is chosen to correspond to

p = max{PiJ,i -j;j,i,j = 1,2,...,N}.
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