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Abstract—In this paper, a binary hypothesis distributed detection
problem in correlated wireless sensor networks with cooperative relays
deployment is considered. In particular, the effect of correlation
between sensor nodes is modeled and analyzed in Rayleigh flat fading
channels in order to explore the natural tradeoffs between the number
of sensor/relay nodes and the detection error performance in the
network. Specifically, two communication protocols are utilized; in
Protocol I, each sensor node communicates its observation directly
to the fusion center while in Protocol II, Amplify-and-Forward (AF)
cooperative relays are deployed and a fewer number of sensors is
used. Based on the theoretical analysis and simulations, it is revealed
that employing less sensor nodes and instead deploying relay nodes
results in significant performance gains under strict network power
constraint. It is concluded that with cooperative distributed detection
and exploitation of spatial diversity, better detection error performance
is achieved as well as reduction in the required number of sensor nodes.

Index Terms—Amplify-and-Forward (AF), cooperation, correlation,
modeling, Rayleigh, relays, sensor networks

[. INTRODUCTION

OOPERATIVE relay networks have recently attracted much

attention in the wireless research literature due to their ability
to combat fading effects and increase system capacity. Motivated
by applications in wireless sensor networks (WSNs) [1]; the idea
of cooperation among spatially distributed sensor nodes has gained
an increasing interest [2][3]. However, due to the limited power,
memory and processing capabilities of such nodes, the design of
cooperative communication protocols taking into account different
network parameters is particularly attractive in order to achieve
efficiency in power consumption and bandwidth utilization and also
for accurate detection [4]. On the other hand, due to the spatial
correlation of sensor nodes, sending all the local observations from
sensors can be inefficient in terms of network resources utilization.
This in turn suggests that correlation among sensors can be exploited
such that correlated sensors can cooperate and share transmission
channels via relays deployment.

In research literature, several variants of the distributed detection
problem of correlated observations have been studied. For instance,
in [5], the optimal constellation size and number of MIMO coop-
erating nodes have been analytically quantified with respect to the
correlation coefficient where it was shown that optimal constellation
size is an increasing function of the correlation coefficient while
the optimal number of MIMO cooperating nodes is a decreasing
function of the correlation coefficient. The authors in [6] considered
the problem of determining whether it is better to use a few high-
cost, high power nodes or to use many low-cost, lower power
nodes in a system, where the correlated observations are obtained
from the nodes distributed uniformly on a straight line. In [7], it
was shown that the distributed detection of deterministic signals in

additive Gaussian noise with a set of identical binary sensors is
asymptotically optimal as the number of observations per sensor
approaches infinity.

In this paper, the problem of distributed detection of correlated
observations with relays deployment in the wireless sensor networks
is considered. The wireless sensor network performance is studied
in Rayleigh fading channels in order to explore the natural tradeoffs
between the total number of sensor/relay nodes, degree of correlation
and detection error performance. In particular, the main question to
be addressed in this paper is: under strict network power constraint,
is it better to employ many spatially correlated sensors or to have a
fewer number of correlated sensors paired with cooperating relays?

Contributions of this paper include proposing a model suitable
for the analysis of wireless sensor networks with correlated obser-
vations, along with the effect of path-loss and inter-sensor separation
on the detection error performance for arbitrary N number of
sensotr/relay nodes. Furthermore, the effect of correlation is analyzed
in Rayleigh fading channels through two protocols where it will
be shown that using fewer sensors with relays can improve the
network’s detection performance significantly depending on the
spatial separation/correlation and also reduces the number of sensor
nodes required for the optimal detection performance under strict
network power constraint.

In the remainder of this paper, the system model and network
protocols are presented in Sections II and III, respectively. In Section
IV, the proposed wireless sensor network model is discussed; while
in Section V, the theoretical error performance for each network
protocol in Rayleigh fading channels is derived. Simulation results
and performance evaluation of the network protocols are presented
in Section VI. Finally, conclusions are drawn in Section VIIL.

II. SYSTEM MODEL

In this section, the distributed detection with correlated observa-
tions problem is described. A wireless sensor network with N sensor
nodes are used to sense a particular phenomenon after which their
observations are communicated to the fusion center for decision-
making. In this work, dumb sensor nodes are assumed (i.e. they do
not perform any local decisions due to their limited capabilities).
In addition, the specific case of correlated spatial data X gathering
is modeled using the Gaussian Random Field model [8] which is
given by the N-dimensional multi-variate normal distribution

JX) = W exp (—%(X —m)o (X - m)) , (D

where m = E[X] is the means vector and &y = E[(X — m)(X —
m)¥] is the covariance matrix of X. The diagonal elements of
& (symmetric and positive-definite) are the measurement noise
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variances of each sensor node ®y ;; = o2. The rest of the coeffi-
cients in ¢y (for ¢ # j) are expressed as Py ;; = Uzpi]‘, where
pij = exp(— )\d2 ) is the inter-sensor distance dg, ; dependent
correlation coefﬁment and A is a medium-dependent correlation
decay factor.

The work under consideration is formulated as a binary hypothesis
testing problem where the measured data from the sensor nodes
are based on two hypotheses, namely H; and Hy, in which the
former hypothesis indicates the presence of the phenomenon within
the sensor network while the latter indicates its absence. Thus, the
vector of measured data X under each hypotheses is given by

Ho : X ~ CN(0, ) o
Hi: X ~CN(m,®y),

where X £ CN(m, ®y) denotes the complex correlated Gaussian
random variables.

III. NETWORK PROTOCOLS

In this section, the network transmission protocols are presented.
In Protocol I, each sensor transmits its sensed observation directly to
the fusion center without employing any intermediate relay nodes;
while in Protocol II, sensor nodes are paired with amplify-and-
forward (AF) relay nodes deployed closer to the fusion center.
The network protocols assume a simple geometric path-loss that
is proportional to 1/d® where « is the path-loss exponent and d is
the distance between the sensor/relay nodes and the fusion center.

A. Protocol 1

In Protocol I (shown in Fig. 1a), each sensor directly transmits
its observations to the fusion center where uncoded transmission
at each sensor node is assumed. The received signals at the fusion
center from two different sensors S; and S; are expressed as

Ysif =/ Pslds fh 0 fTi = Msy f 3
Ys;f =\ P phs, 575 + sy 1, )

respectively; where hg, ¢ and h; y are the channel coefficients from
the S; and S sensor nodes to the fusion center and are modeled as
zero-mean complex Gaussian random variables with variance 1/2
per dimension. In addition, Ps; and Ps, are the transmission power
assigned to sensors .S; and S; respectively and are selected to satisfy
a total power constraint Pr while ng, r and ng,  are the additive
white Gaussian noise at the fusion center. In this protocol, all the
N nodes are utilized as sensors for the transmission of observations
(i.e. |S| = N) (where S is the set of all the sensor nodes in the
network) and it is assumed that sensor node S; is closer to the
fusion center than sensor node S; (i.e. ds; 5 < ds, y).

and

B. Protocol 11

In Protocol II (Fig. 1b), the farther sensor node .S; is paired with
a known neighboring cooperative relay node Ry located at d,, s
from the fusion center. In the AF relaying, signal transmissions are
separated into two phases through orthogonal channels by using
either TDMA or FDMA [9]. In Phase 1, sensor node .S; transmits
its observation x; with power P, where the received signals at the
fusion center y,, r and at the relay node y, ., are

Ysinf =1/ P57ds fh3i>fxi + sy f ©)
Ysire = \/ Ps,v d;(}rkhsl,rkxi + Ns;,rys (6)

respectively; where h, r and h,, s, are the fading channel coeffi-
cients from sensor S; to the fusion center and to the Ry relay node,
respectively; whereas, d,, s and d,, ., are the distances from S;
to the fusion center and to R, relay node, respectively and n, ¢
and n,, ,, are the white Gaussian noise. In Phase 2, the relay node
amplifies the received signal and forwards it to the destination with
transmit power P, . The received signal at the fusion center can be

and

written as
Yrif = A/ P’rkdrk P, fYsire + Mg r o
=/ Pry Pedz e dy by ghs, i + iy 5
where 7, 5 = \/ Pry d, "ty fsi i+ Ny, £+ In addition, P,, rep-

resents the normalized transmit power and is chosen to ensure a
transmit power at the relay node of P, and thus is specified as
P, = (P, )/ (P, d3 % |hs, 2 [*0® + N,). Furthermore, d,., s is the
distance from the relay to the fusion center, h,, ; is the channel
coefficient between the k** relay node to the fusion center and
Ny, ¢ is the additive Gaussian noise. It should be noted that the
noise n,, ¢, N, r, and n,, y are modeled as independent complex
Gaussian random variables with zero means and variance N,. In
this protocol the N nodes in the network are split into two sets S
and R representing sensor and relay nodes respectively with equal
cardinality (i.e. |S| = |R| = N/2) since each sensor node is paired
with a cooperating relay node.

IV. WIRELESS SENSOR NETWORK MODEL

In this section, a wireless sensor network model suitable for
correlation analysis amongst sensor nodes is discussed. The sen-
sor/relay nodes are uniformly distributed over a circular area with
three concentric circles with the fusion center at the center as
illustrated in Fig. 2 for N = 4 for both protocols. The two larger
circles of radii dg, ¢ and dse ; contain two sets (Sp and Sg) of
uniformly distributed odd-numbered (S7,S3, ..., Sy—1) and even-
numbered (So, .Sy, ..., Sy ) sensor nodes respectively. On the other
hand, the smallest circle contains the set of relay nodes R with
radius of d,. ; and uniformly deployed (Rs, Ry, ..., Ry) with even-
numbered indices such that (dso s > dse,y > dyf). That is, the
relays are deployed closer to the fusion center than the two sets
of sensor nodes. Also, every sensor (in the outer circle - set Sp)
is separated from its cooperating nodes by a distance d, ,. This
circular model as will be seen in later sections simplifies the analysis
greatly as all the nodes in Sp are of equal distance ds,, ¢ from the
fusion center and so are the nodes in Sg and R with distances d., ¢
and d, s respectively. The proposed model also introduces symmetry
that allows matrix decompositions of covariance matrices and makes
the analysis of a network of N nodes mathematically tractable.
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In this model, it is assumed that the sensors, relays and the fusion
center are stationary and each node (sensor/relay) knows its own and
its neighbors distances from the fusion center (on the concentric
circles). In addition, the sensor nodes in each of the sets Sy and
S¢ are allocated a total power of Pp and Pg, respectively under
Protocol I such that Pr = Py + Pg. In Protocol 1, the relay nodes
in the set R are allocated a total power of Pr such that the network
power constraint is Pr = Pp + Pg.

V. PERFORMANCE ANALYSIS

In this section, the probability of detection error P, expressions
of the two network protocols are derived, which are then compared
as function of the correlation coefficient between the sensor nodes
to determine when Protocol I or Protocol II should be used. To
simplify notation and the analysis, it is assumed (without loss of
generality) for both protocols, that all the nodes in each set have
equal power, i.e. Py, = Py, for Vi € So, Py = Py, for Vj € S¢
and P. = P, for Vk € R. Also, let dso f = dso;,f> dse,f = dse;,f
and d, ; = d,, s in each set. Furthermore, it is assumed that all the
measured data have the same mean (i.e. under H; all sensor nodes
measure the same phenomenon with the same real mean m; = m
for i =1,..., N, within an area A).

Given the foregoing system model and protocols, the optimal
likelihood decision rule at fusion center of the received observations
over Rayleigh fading channels can be derived as follows. Let my and
m, denote the prior probabilities for H, and H;, respectively where
it is assumed for simplicity that 7y = w1 = 1/2. The N-dimensional
received observations vector Y (assuming perfect channel state
information (CSI) at the fusion center) under each hypothesis is
given by

Ho : Yn ~ CN(0,5x) ®
Hi: YN~ CN(MN,EN),

where iy £ E[Yn] is the means vector and Yy = E[(Yn —
un) (Y~ — oy )H] is the covariance matrix of the received observa-

tions. The optimal test for minimizing the probability of detection
error is the likelihood ratio test (LRT) given by [10]

W exp{—3 (Y~ — un)"S3H (Yn — pn)} _m

%YNHEXZIYN}

1. 9

1 <n
@7 P ’
The decision rule can be further simplified and expressed in
terms of the sufficient statistic to T(Yn) = 3 pEY YN +
%YNHE;VI/;N 2:; Q,uNEN un where it should be noted that
T(Yn) is linear transformation of the Gaussian random vector
YN and it characterizes its distributions under Hy and H; by

finding its means and variances under each hypothesis as Py, (T') ~
CN (0, p Sy ) and Py, (T) ~ CN(uNER un, pn Sy o)
[11]. By defining probabilities of detection error conditioned on
hypotheses Ho and H; as Py, and P,y,, respectively; the
conditional probability of detection error is expressed as

PEZWOPE\H0+7T1PE\H1 :E{ < \/;L N /J,N>}

where Q(u) £ Ff exp(
and the expectation is taken w1th respect to the channel statistics.
It should be noted that finding a closed-form expression for the
expectation in (10) is in general very difficult; thus, it will be
numerically evaluated in the performance evaluation section.

(10)

dt is the Gaussian Q-function

A. Protocol I - A Two Sensors Network

In this section, the probability of error detection of the N = 2
sensors network (shown in Fig. 1a) under Protocol I is derived. The
received observation vector is defined as Y;» = [ys,.f Yss, f]T
(see (3) and (4)) which is employed by the fusion center to decide
between the two hypothesis. It can be shown that the data model
under hypothesis H is written as Y;, = CA/(0, X 2) while under
Hi is given by Y, = CN (py, (1,2); Y7,2). The vector of means can
be shown to be fiy (1.2) = [/ Psolyy ths,, s ,/Psedsfc"’thZme}T,
where hg, ¢ and h,, s are the channel coefficients from sensors
S1 and Ss, respectively. Furthermore, ¥; o is the covariance ma-
trix of the received observations vector Y;, defined as shown in
(11) (next page), which can be expressed in the matrix form as
Y12 = (D1,2)) QoL (1,2) + NoI where (.) is the hermitian of the
parameter matrix, I is the identity matrix of appropriate dimensions
and matrices I'(; 2y and €25 are defined as

Psod ) 02D 0
F(1,2) _ \/ f 1.f , (12)
0 o h 0 f

\/Psedse f

1 p12
Q= *
o=y )

respectively. Hence, the probability of detection error can be ex-

pressed as P, =F {Q (%\/(,LL[,(LQ))H(22)_1‘&[’(172))} which
after some manipulation can be written as shown in (14) (next
page). For the case where sensor nodes S; and S, have independent
observations (i.e. p12 = 0), the probability of detection error can
be expressed as

1| Poolhsy s?dy
PeJ =FE Q = ° ) f +
2 Psolhsl, |2 dbo fJZ-‘rNo

B. Protocol I - N Sensors Network

and
13)

Pyclh

s2,f | daef
Psc‘hsz, | dsg f02+No
as)

The analysis is extended to the case of arbitrary large N number
of sensors in the network (where N is even). The N nodes are
split into two sets Sp and Sg of equal cardinality. Due to the
symmetry of the model, the N — dimensional vector of received
observations is Yin = [Ys,.f Yso.f Ysn_1.f ysN_,f]T for
which the covariance matrix Y7 x can be expressed as Xy n =
(M) QNT § + NI and matrices 2y and T'yy are given by

1 p1,2 P1,N
p1,2 1 P2,N
Qn = . . . . ) (16)
PIL,N  P2,N - 1
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1o = Peod s lhsy s [*0? + No \/Psopsedgo?fdgerffh31vfh§21f02p172 an
’ \/ PsoPsed ' pd "hy fhsa,ro?p1,2 Poed % |hsy 11207 + No
P £l 1 QPSDPSE‘hM,fP‘h& f‘2(d:oafd:e f)m2‘72(1 - P1, 2) + NDmZ(PsothL |2d90 f + P9F|h82, | d:;e f) (14)
J = . — — —
© 2\ PooPsclhsy, f? sy £ ? (dgo"‘fd f)”4(1*P1 2) + Noo?(Psolhs,, f|2d f+PSE|h32, [2d..? )JFNQ
Po=rlQ(i| Y Prolhsi 11*dyg ym Piclhs; £1d;.ym? @1
€, - 5 —_ -
2 €SP Sothi«,flzdso(ff‘Tz + No jESe Pselhs],f|2dseo,‘fa-2 + No
Siro = bod:oaflhglaflzgz + No \/P<1 2)P50P7 dsa de ?hsl’thQ fhslﬂ‘Qo.2 22)
' \/P(l 2)PsoP7 déo fd7 ?hsl fh’f‘z,fhslv""Qo-Z P 1,f|hrz,f| + No
P ELQ 1 mQNU(Psodsionf‘hSLle +15(1 2)P7'd;?‘hrz,f|2‘h51ﬂ‘z|2) +PsuP7“hS17f‘2|hr27f‘2d;oafdrfm (1_15(112>02) ©5)
e, ]I = 3 — — = =
2 PsoPr|hsl,f‘2|hr2,f‘ dboafd, f0'2(1 - P(1,2)|h81,r2|2‘72) + NO(Psodsfflhﬁ,fPUz + Prd,; rf |hr27f‘2) + N2

and

Tho O - 0
0 T - 0

I'nv = . . . . ) 17
0 0 T(N-1,N)

respectively; where in general

Pyod”®,02h* 0
Ty = \/ 50%s0, 17 Usinf _ ) (18)
0 \/ Paed 2 po?hy

Furthermore, the vector of means p17 x can expressed as

pI,N = [Br,a,2)  HI,(3,9) NI,(N—l,N)]Tv (19)
where; g1 (i) = [\/ Psodoy thsi s \/ Poed S shs, - ym]T. There-
fore, the probability of detection error 1s given by

1
P.r=FE {Q (5\/(MI,N)H(EI,N)_1M,N) } . (20)

Since it is difficult to specify an arbitrary correlation matrix
that allows fair comparison between the protocols and due to the
fact that the aim of this investigation is to characterize the effect
“degree” of correlation and the optimum error performance; two
extreme scenarios are considered, namely the Equally-Correlated
Scenario (ECS) and the Mutually-Independent Scenario (MIS) [12].

In the Equally-Correlated Scenario, it is assumed that the N
sensors are distributed in the wireless network such that every pair
of sensor nodes are equi-correlated (i.e. p; j = p for i # j in Q).
In this case, the probability of detection error is evaluated by (20).

In the Mutually-Independent Scenario, the N sensors in the two
sets Sg and Sp are spatially separated far enough from each other
such that p; ; = 0 for ¢ # j. Therefore, due to the symmetry of the
model, it can be easily shown that the probability of detection error
is expressed as shown in (21). It should also be noted that under
MIS, the optimal lower bound error performance is achieved.

C. Protocol Il - A Sensor with a Relay Network

The probability of detection error of Protocol II (shown in Fig.
1b) is analyzed in this section. It is noteworthy that in this case,
there is no correlation between the sensor and the relay nodes since
the former node takes measurements of the phenomenon while the

latter node only amplifies and forwards the received signals from
the source sensor node (see (5-7)). Under protocol II, the received
signal vector Yy = [(Ys1.f Yrs, f}T and the data model under
hypotheses Ho and H; are given by Yy, = CN(0,X;72) and
Y2 = CN(prr,1,2), B11,2), respectively. The covariance matrix

Yrr,2 is shown in (22) which can be expressed in matrix form as
21172 = (T(l’g))HQ(lA’g)T(Lg) + N,I where
\/ Poody 2 po2h 0
T2 = b ) (23)
0 \/P d Shr.
1 P, 2p
Qay=| VP ) o
\/P(172)0’2h31,7«2 1
and p(l,?) = (P deoar)/(Péodeo T‘h~51772‘ o? + N, )
The vector of means can be expressed as,

prra2) = [\ Poodyl shes gm A/ Pa oy Prdy F e, ph, pym]”

In this case, the probability of detection error can be written as
shown in (25).

D. Protocol Il - N Nodes Network

In this case, the N nodes in the network are split into two
sets; Sp and R. However, it should be noted that in this case,
the measurements obtained from each of the sensors in the set
So can be correlated. For example, for (N = |R| + |So| = 4), the
observations from sensors S; and S3 (paired with relays Ry and
Ry, respectively) are correlated by p; 3 that is a function of the
distance d,, , between them. For a network with arbitrary /N nodes,
the N — dimensional vector of received observations is Y n
[ysl,f Yro, f Ysn—1.f y,wNJ]T where the covariance ma-
trix can be shown to have the form ¥;; v = (TN)TQONT N + N,L
In addition, every pair of sensors in Sp can be correlated depending
on their inter-sensor separation. In general, it can be easily shown
that for (N > 4), the matrix Yy can be expressed as

Yz O - 0
0 Tea - 0

Ty = . . (26)
0 0 T(v_1,n)
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Qa1,2)

P13 e(1,2),(3,4)

p1,N/271@(1,2)1(N*17N)

P1.39@3,4),(1,2) Q3,4 Ps ny2-19(3,4),(N-1,N)
Qn = . . . (28)
pl.N/2—1e(N*1~N)7(1«2) P3,ny2-1O(N-1,N),(3,4) Qn-1,N)
Por=E{Q|= > 2 2No(Psod s, ¢ |2 + Plaiy Prdy ey g 21 hs ri |2) + Poo Prlhsy 12 lhey Py pd - Fm2 (1 = Py py0?) (32)

PsoP7‘|hsi,f|2|hrk,f‘Qd_a d_ ¢

(i,k)E(Sp,R) so,for,f

0'2(1 — P(l k)‘hsnrk ‘202) + No(quds_o f|hsz f|20'2 + P.d

,flhrk,f‘Q) +N§

where in general Y (; 1) is defined as

N
Yk = =t . 27)
0 \/P, d Sh:
The matrix €2 has the structure shown in (28) where
1 /Py o2t
e @R e (29)
Py 0% hs; o, 1

for p(lvk) = (P d.s_o T)/(P d.s_o T |h517’rk|202 + N ) and e(i,j).,(k,l)
can be expressed as
) . (30)

O i), (kt) = ( P ﬂo%:m
Vi 02hesrs A Plag) Py ohosr B,

In addition, the vector of means is given by
(€3]

T
KIT,N = [HII,(I,Q) HrI1,(3,4) .“IL(N—l,N)} >

where; 1117 ;.k) = [/ Psod,,. fhgi_,fm ,/P(i’k)Prd;?hrk,fhsi,r,cm]T

Under the  Equally-Correlated  Scenario, the  proba-
bility of detection error can be determined using,
P.i=F {Q (%\/(NH,N)H(EH,N)*IMH,N while  for

the mutually independent scenario, the probability of detection
error is given by (32).

VI. PERFORMANCE EVALUATION OF NETWORK PROTOCOLS

In this section, performance evaluation of both protocols under
consideration in Rayleigh fading channels are compared in terms
of the derived probability of detection error P,.. To allow a fair
comparison between the performance of the network protocols, it
is assumed that within a particular area A, the total network power
constraint Pr of N nodes is equally distributed amongst all nodes.
That is, under protocol I, Py, = Ps. = Pr/N for all the sensor
nodes while under protocol II, Py, = P, = Pr/N for all sensor
and relay nodes. This in turn implies that the power allocation per
each node decreases linearly with the increase in the total number
of nodes in the network area .A. The simulation parameters of the
network protocols are as follows. The measurement noise variance
is 02 = 0.01 while the mean of measurements is m = 1. In addition,
the path-loss exponent is @ = 3 and the correlation decay factor is
A = 0.05. The distance from the sensors in Sp and S¢ and the relays
in R are dgo f = 4.5, dse,y = 3.5 and d,. y = 2.5, respectively.

Fig. 3 illustrates the P, for Protocol I with N = 2. As explained in
the proposed model, different inter-sensor separations result in dif-
ferent correlation coefficients since p1 o = exp(— /\0l§1 2) Therefore,
it is clear that as the inter-sensor separation increases, the correlation
coefficient decreases and the error performance improves. This is
to be expected since the lower the correlation, the more statistically
independent the observations become; hence more information is fed

Protocol | (N =2) —

Rayleigh Fading Channel

el

Probability of Detection Error P

100 Uncorrelated (p, , = 0)
6—d, =6(p,,=017)
12
+ds =4(p, ,=045)

(
—_— ds =2 (p1 2= 0.82)

=1(p,,=05)
-5 T T i i i i
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Fig. 3. Protocol I - Probability of Detection Error for N = 2 in Rayleigh Fading
Channel for different p values (as a function of ds, ,)
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Fig. 4. Protocol II - Probability of Detection Error for N = 2 in Rayleigh Fading
Channel for different values of inter-sensor/relay separation dso,r

to the fusion center which in turn results in better error detection
performance. Also shown, the case where both sensors S; and S5
are far away from each other since that their correlation coefficient
p1,2 = 0 (i.e. uncorrelated) and this achieves the optimal (lower
bound) error performance of Protocol I as a function of py ».

Under Protocol II for N = 2 (Fig. 4), it can also be seen that as
the inter-sensor/relay distance d,, increases, the error performance
degrades. This is due to the fact that farther apart the sensor and the
relay become, the weaker the received signal and hence the worse the
performance. Hence, the closer the sensor to the cooperating relay,
the better the performance, and in this case, the closest the sensor
to the cooperating relay node is when d,, , = 2 (since dg,, y = 4.5
and d, y = 2.5 and hence the relay node is on a straight line and in
the middle between the sensor and the fusion center).

In order to determine when it is better to use Protocol I (as a
function of ds, ,) or Protocol II (as a function of ds, ) for the
simple N = 2 network, the error performance at Pr/N, = 40dB is
plotted in Fig. 5. It can be seen that for inter-sensor/relay distances
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less than 3, Protocol II outperforms Protocol I. In other words, if
two sensors S and S have inter-sensor separation ds, , < 3, then
it would be better to not use Sy for transmission but instead pair
sensor node S; with the cooperating relay Ro (closer to the fusion
center) to amplify-and-forward the transmitted observations of Sy
with inter-sensor/relay separation d, , < 3. It is also evident from
Figs. (4 and 5) that the sensor/relay separation when d,, , = 2 gives
the best performance for Protocol II. Thus, it will be assumed in the
subsequent simulation results.

In Fig. 6, the performance of Protocol I and Protocol II for
N > 4 (under the ECS) as a function of p is evaluated. As noticed
earlier, when the correlation amongst the observations increases,
the performance of the network degrades. It is also clear that the
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Fig. 7. Protocol I vs. Protocol II - Mutually Independent Scenario in the Rayleigh
Fading Channel

performance of Protocol II with N = 4 outperforms that of Protocol
I with N =4, N = 6 and N = 8. Also, the performance of
Protocol II with N = 6 is significantly better than Protocol I with
N =12 and N = 16. This implies that with relays deployment, the
network detection error performance is improved significantly due
to the spatial diversity achieved by cooperation. Therefore, sending
many observations from sensors nodes does not necessary improve
the detection performance significantly. However, by cooperatively
relaying a fewer number of observations (i.e. with a fewer number
of sensor/relay nodes), greater detection reliability is achieved at the
fusion center.

In Fig. 7, Protocols I and II are evaluated under the MIS. It
can be seen that Protocol II outperforms Protocol I for different
numbers of nodes. It is also clear that increasing the number of
sensor/relay nodes beyond N = 12 does not improve the error
performance significantly given the power constraint Pr on the
network. In addition, the performance obtained from Protocol II with
N = 8 sensor/relay nodes is better than the performance obtained
from Protocol I with (N > 12) sensor nodes as was shown earlier.

VII. CONCLUSIONS

In this paper, a wireless sensor network model suitable for the
analysis of direct transmission of observations from sensor nodes
(Protocol 1) as well as cooperative (AF) relay nodes (Protocol II) is
proposed. It was demonstrated that the proposed model facilitates
the analysis of the theoretical performance for possibly correlated
observations from sensors with relays deployment. It has also been
shown that for a simple network with only two nodes, Protocol II
outperforms Protocol I when the observations are highly correlated
(sensor nodes are in close proximity of each other) and thus it is
better to employ a single sensor with a cooperating relay node. On a
larger scale (for N > 4), it was shown that employing many sensor
nodes does not necessarily achieve the best network detection error
performance. However, by employing relays, significant detection
error performance gains are achieved from diversity and also a
reduction in the total number of nodes required for optimal detection.
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