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Abstract—The performance of decentralized detection in a for asymptotic fusion performance via circulant matrix theory.
resource-limited wireless sensor network is investigated. The Numerical results are used to show that the derived asymptotic

system is assumed to be subjected to a total power constraint oy hressions closely match that of exact performance even for
and all sensors are assumed to perform analog relay-amplifier .
A relatively small number of sensors.

local processing. Under these assumptions, we show that, we cal ; . : .
monotonically improve the fusion performance by using non- The remainder of this paper is organized as follows: In
orthogonal sensor-to-fusion center communication, as opposed

to orthogonal communications. In order to quantify the per-

formance, we employ circulant matrix theory to derive closed-

form asymptotic expressions. These asymptotic results allow us H. for j=0,1

to observe the effect of each parameter on the total system :
performance. Numerical results show that these asymptotics

provide a very good approximation to the exact performance, +o
even for a small number of sensors.

V. V. V. V,
Index Terms— Circulant matrix theory, decentralized detec- S S ACSD S
tion, data fusion, hypotheses testing, sensor networks, toeplitz od od

matrix. o |9%

I. INTRODUCTION

Wireless sensor networks is an emerging technology that Fusion
has several applications in civil as will as in military com-
munications [1]-[4]. Decentralized detection and data fusion 1T
arise as basic problems in such networks. In this paper,
the performance of decentralized detection in a total power
constrained wireless sensor network is investigated assuming Fig. 1. Distributed Sensor System Model
analog relay amplifier local processing. In [5], under the same
assumptions, an optimal fusion rule and its performance wesection Il we present our system model and derive the fusion
derived assuming orthogonal sensor-to-fusion center comnp@rformance under orthogonal versus general non-orthogonal
nication. It was observed in [5] that for a fixed total powersensor-to-fusion center communication. Next, in Section lI
there is a performance floor as sensor network size increages use circulant matrix theory to obtain a closed form
without bound. In this paper, we show that with analogxpression for the system asymptotic performance. Finally,
relay amplifier processing this, however, is not necessarily Section IV we provide conclusions of our results.
the best achievable performance. In fact, we show that with
non-orthogonal communication, we can harnessctifgerent Il. SYSTEM MODEL
gain to our advantage thereby monotonically improving the We consider a binary hypothesis testing problem, inVan
performance with sensor network size, for a given total powsede distributed sensor system as shown in Fig. 1. A-tfe
constraint. sensor observation, under each of the two hypotheses is given
In [6], the performance of decentralized detection of By
power constrained network in a band-limited channel was
analyzed via large matrix theory, assuming independent sensor
observations. Our work can be considered to be a generaliza- Hy:yp = xip+owor.
tion of [6] to the case of d_epgnde.nt sensor observations, Si?ﬁ‘%/ector notation
non-orthogonal communication implicity assumes a band-
limited channel. Moreover, we derive closed form expressions y = X+V.

Hy:yp = mop+ vk



wherev is a zero mean, Gaussidfvector of noise samples, The minimum achievable probability of error of this optimum
with covariance matri®, . We assume that sensors are placddsion rule is given by (assuming a uniform prior)

on a straight line and are separated by an equal distdnce

The noise covariance function is assumed to be of the form Pe — %(a(ﬂ +8(1) ,

of

po(ij) = o2pili-il wherea(r) and3(7) are the false-alarm and miss probabili-
ties given by
Letting p? = pg, T can then be written as

_ 7+ m2¢2eTRC1Re
1 pa P3 - ey Y a(T)zQ( g : 3)

g 2 2aTRC—1
i Iy 1 Py p((iN—2) V/2m2g2eTRC—1Re
Ev =0, . . . e . . (1) and
N-1 N-2 -
P((i ) p((i o 1 Br)=1-0Q (7’ — m2g2eTRC 1Re> @)
We consider the fusion of a deterministic signal, so that V/2m?g?eTRC!Re
zox = —m under Hy and z,,, = m under H; for k =

1,...,N. Each sensor node applies analog relay amp"ﬁéanET =0 for equi-probable.deterministic signal detection,
local processing to its observation by multiplying it by ai’om (3) and (4), we can easily show that

amplification factorg. Also a signalling waveform (or a

code)s;, is assigned for each sensor. The sensors relay these Pe=Q (mgv 2€TR0’1R6> -

amplified signals to the fusion center after modulating with

s,(t). Assuming a bank ofV matched filters at the fusion In the following we first consider the case Rf= I, which

center, its output is given by represents orthogonal communication, followed by the general
non-orthogonal communication. Since our main objective is
u = RAy+w, to explore the effect of non-orthogonal sensor-to-fusion center

ﬁommunication on the fusion performance, for simplicity we

whereR is the signalling waveform (code) cross-correlatio ; ;
first assume the case of independent observations.

matrix, A = gI, andg can be shown to be

B P A. Orthogonal codes and independent observation noise at
9 = N(m2 +02) the senors

Consider the case @& = I and ¥, = ¢21. The effective

where P is the total power constraint on the whole sensa .
R at the fusion center can shown to be equal to

system. The channel noise is assumed to be zero m
Gaussian with noise power spectral densify, so thatw ~

N(0,02 R). For convenience we assume that the code cross- SNRy = mgy/eT(g?ocil+oiI) e
correlation matrixR has the form of

Substitutingyy = 2 and . = UL;, which represent the

1 Lo H w' o
p f /p) observation and channel SNR respectively, we have that
R = B . 2)
S 1 Nyey
Under the two hypotheses, it can be shown that Ve 0
H,: u~N(RAmg, ¢*RE,R+02R), Figure 2 showsS N R as a function of the number of sensors
with orthogonal codes and independent observations. We can
and see from Fig. 2 thabN Ry has a limit, and dose not exceed
H: u~N®RAmi,*RE,R+02R). that limit as we increase the number of sensors. Specifically,
Then, the optimal fusion rule is given by the test: ) i Nv:0
lim SNR;y = lim _
5 1 T(U) Z . N—o0 N—o0 '70+N(1+’70)
W = {o T <r ° -
where T4
T(u) = 2mge™RC 'u , That is, we cannot improve the fusion performance beyond a

certain limit by injecting more sensors into the network when
there is a fixed total power constraint on the system. This was
C=4¢"RE,R+2R. also observed in [5].

e is the N-length vector of all ones and we have defined



Effective fusion SNR as a function of the number of sensors
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Fig. 2. Dependence of the effective SNR on the number of serm$ors

wheren ~ N(0, Ng?02 + 02). Then the effective SNR at
the fusion center can be shown to be given by

YeYo
SNRy = ,/|N—————— . 7
TV T+ e+ "

It can be shown using the same approach that in the general
case of dependent observation noise, with 1, the effective
fusion SNR is given by

SNRy =

_ Nre
o o2(yo + 1)+ kelS e
Nve
X o2 1—plVt?t ’
2o+ 1) +% (22 (N+1-522) - N)

where in the last step we have assumed Hatis given by

(1).

B. Non-orthogonal codes with independent noise at the sen2. p =0 :

Sors

Now suppose that the code cross-correlation marilxas
the general form in (2) and th&, = o¢21. Then the fusion
center effective SNR can be shown to be given by

SNR; = mg\/eT(g2agI+vaR*1)*1e. (6)

In the special case aV = 2, for example, (6) simplifies as

270
1 + 'YC(1+p)

Following the same method as above, it is easy to show
that in this case (6) reduces to (5). Note that in the case of
orthogonal communication, the matched filter correlates the
channel noise inV orthogonal directions. On the other hand,
for the case op = 1, it correlates the channel noise only in
one direction. As a result we can see from (5) and (7) that
SNRy in the case op = 1 is larger than that in the case of
p = 0. In particular SN R in (7) is strictly increasing with
the number of sensorS. This means that we can improve the
performance by increasing the number of nodes and using the
same channel for all sensors. Figure 3 shows the improvement

This clearly shows that increasing the code correlation of the effective SNR in (6) as a function of code correlation.
improves the performance. In other words using the sameAlthough the above result seems somewhat nonintuitive at
channel for all sensors is better, than using sperate channbisfirst glance, a closer look at the system reveals that there is
for each sensor, which corresponds to orthogonal communigafact nothing surprising here. Essentially, the analog relay-
tion. To show this in general, let us consider the two extrenaenplifier local processing and non-orthogonal communica-

cases of (6) as follows:
l.p=1:

This means that all sensors use the same eodeet us
consider thek-th sensor output and denote it &s Then

Iy = gs(mg+ o) .

Denoting the received signal at the fusion centerzbywe
have that

N
z = ng(mb—l—vk)—Fw
k=1
= Ngmbs+gsyp+w ,

whereb = +1, ¢ = fo:l v, and the noise terngéy + w)
has the distributiooV/ (0, (Ng?02 + 2 )I). The fusion center
correlates this signal with the codge so that the decision
variable is

sTz = Ngmb+n,

tions, in the case of deterministic signal detection effectively
makes the distributed sensor system to act as a cooperative
beam-former. In particular, it should be clear that witk- 1

the system has a perfectly directed beam towards the fusion
center that exploits full coherent gain. However, on the other
hand whenp = 0, we use separate orthogonal channels to
send essentially the same information thereby loosing the
cooperative beamforming gain. Clearly, this behavior is a
result of the assumption of perfect synchronicity of the whole
distributed sensor system and the fusion center. In a practical
scenario, however, there is a trade-off between the achievable
synchronicity and the performance since resources need to be
spent on achieving system synchronization.

Ill. ASYMPTOTIC FUSION PERFORMANCE

In order to analyze the asymptotic fusion performance of
the system we use circulant matrix theory which states that
a toplietz matrix goes to a circulant matrix as its dimensions
grow [7]. Note that, the observation correlation matBix,
is a toplietz matrix and that the code correlation matix



Dependence of effective SNR on signalling waveform cross—correlation
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The variance ofl'(u) is the same under the both hypotheses

sh ] and is given by
Uy 1 VAR{T(u)} = 123%
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X PN =) - A - ) 2 2 p (N =D
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Fig. 3. Dependence of the effective SNR on signalling waveform (code) In Figs. (4), (5) and (6) we have shown the exact and
cross-correlation (Independent sensor observatipns) asymptotic fusion performance. As can be seen from these
plots, the derived asymptotic expressions provide a reasonably
ood approximation even for small number of sensors. Fur-
ermore, it allows us to gain some insight into the effect of
each parameter on the system performance. For example, from

is already a circulant matrix. Then the distribution of th
decision statistid’(u) can shown to be Gaussian with

E{T(uw)|H;} = m?¢’e’RC 'Re Fig. (4) we can see the detrimental effect of the observation
= m2g%"R(¢*RZ,R + 02R)'Re . correl§t|0npd on system performance. Th!s can be understood

by noting that as the observation correlation increases the new

After some simple algebra, we get information added by each additional sensor decreases thus
degrading the fusion performance. However, it also shows
E{T(u)/H:} = the improvement that we can get from using non-orthogonal

i -1 communication. Figure (5) shows clearly that the fusion
m2g® ( el /1 ., R! -
— (e"Re— — (Q(Rng) - = ) e| . (8) center probability of error tends to have a pe'rformance floor
Ow Ow Ow as we decrease the code correlation vaiud-inally, from

Fig. (6) we can see that using a large channel correlation
p results in having an acceptable performance even for a
e’ ( 1 R1>_1 relatively large observation correlatign;. This means that
e

It is easy to show that the inner matrix in the term

o2 ©)  the system has some kind of robustness against the large

. . . . . values of observation correlation when using non-orthogonal
goes to a circulant matrix. Then since the inverse Ofac'rC“|arEEmmunication As mentioned earlier. this in fact can be

matrix is also circulant and using the fact that all circulanf,yersiood either as a cooperative beamforming or a coherent
matrices have the same eigen-vectors, for asymptotically Iar(‘%n_

dimensions, the term in (9) can be shown to be equal to
IV. CONCLUSIONS

In this paper we investigated the decentralized detection and
fusion performance of a total power constrained sensor net-
whereA,, andpy are the largest eigenvalues of the matricegork in a noisy channel under the assumption of analog relay-
R and Xy, respectively. Thus substituting these in (8) angmplifier local processing. We showed that the performance
noting that can be monotonically improved using non-orthogonal sensor-

e’Re = N(1+p(N—1)), to—fusiqn center communication. This somewhat nonintui.tiye
result, in fact, is due to the fact that the analog relay-amplifier
we get local processing and non-orthogonal communications, in the
case of deterministic signal detection, effectively makes the
E{T(u)|H,} = 111 distributed sensor system to act as a cooperative beam-former.
7o In order to obtain asymptotic performance we made use of the
27.(1 4 p(N —1))? circulant matrix theory. The derived asymptotic expressions
N(1+70)(1 = pa) + 27.(1 + p(IN — 1)) | show a good approximation for the exact results even for a
small number of sensors. These asymptotic expressions also
allowed us to gain some insight into the effect of each system
E{T(u)|Ho} = -E{T(u)|H:}. parameter on the final fusion performance.

RSN
02 +02¢*Ampm

X [14+p(N—-1)—

Similarly, we can show that
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