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Large System Decentralized Detection Performance
Under Communication Constraints

Sudharman K. Jayaweerslember, |IEEE

Abstract— The problem of decentralized detection in a sensor when the communication channel between the local sensors
network subjected to a total average power constraint and and the fusion center is both bandlimited and noisy. As we
all nodes sharing a common bandwidth is investigated. The \yjj see, the performance is a function of the exact signgli
bandwidth constraint is taken into account by assuming non- o L .
orthogonal communication between sensors and the data fusi codes used by the @stnbuted sensors for any flnlte-5|zm$en
center via direct-sequence code-division multiple-acces(DS- Network. However, in the case of random spreading we are able
CDMA). In the case of large sensor systems and random to derive an elegant and simple closed-form expressionighat
spreading, the asymptotic decentralized detection perfanance independent of the exact spreading codes once we consider
is derived assuming independent and identically distribugd (iid) asymptotically large sensor systems. This is our main tesul

sensor observations via random matrix theory. The results lsow d il it all to d | USi
that, even under both power and bandwidth constraints, it is and, as we will see€, It allows us to draw general conclusions

better to combine many not-so-good local decisions rathethan ~ regarding the deSign Of Wi"?'ess sensor $y$tem5 under such
relying on one (or a few) very-good local decisions. total power constraints in noisy and bandlimited channels.

Index Terms— Data fusion, distributed detection, large-system Th.e remainder of the paper is organized as f_OHOWS:_In
analysis, sensor networks. Section[l we present our system model. Next, in Section
M we use random matrix theory to derive a closed-form
expression for the decentralized detection performanca in
large sensor system followed by a discussion of our analysis

This paper considers decentralized detection in enerdsinally, in Sectiof IV we conclude by summarizing our result
constrained, large wireless sensor networks in noisy, band
limited channels. Although there is a considerable amodint o Il. SYSTEM MODEL DESCRIPTION

previous work on the subject of distributed detection, most . . . . .
We consider a binary hypothesis testing problem in an

of it used to ignore the effect of noisy channels betwee ! .
the local sensors and data fusion center. Even less is é-node_ ww_elegs sensor network (_:onnected to a data fusion
attention received by bandlimited noisy channels in theexn center via distributed parallel ar_chltecture. Let us de”"%’

of decentralized detection. For example, while distridute- Ho _and H, the nuII. and qlternaﬂve _hy_potheses, respectively,
tection performance of an energy-constrained WireIessosrenh"’“g{ng Eorres\s)vondl_rlllg prlolrd prc;ﬁat)ltlglee(éfo) :d p(% aﬂd i
network over a noisy channel has been considered recetly r(océ)ss_uﬁ(ltl'er eeag:: hcogtsr:e(:irs cgnsis(:sc:)fsoerxeof tch:)c a:slﬁol
it assumes orthogonal sensor-to-fusion center commuinicat yp pe

leading to an infinite bandwidth assumption. However, iﬁau_s_&an s_|gnals, de_znoted_ BY.» and Xy ., corrupted by
applications involving dense, low-power, distributed aléss additive white Gaussian noise. Under the two hypotheses the
sensor networks it is more likely that all nodes will share i-th local sensor observation, for n = 1,---N;, can be
common available bandwidth. In this case, the assumption\%li"tten as
large sensor systems implies non-orthogonal communitatio Ho: 2o = Xon+vn
between the sensor nodes and the fusion sensor. H, - X

. . . .. . 1+ Zn 1,n T Un (1)

An important design objective in low-power wireless sensor
systems is to extend the whole network lifetime. Thus, where the observation noise, is assumed to be zero-
sensible constraint on the sensor system is a finite totatpownean Gaussian with the collection of noise samples having
[1]. In this paper, the bandwidth constraint is taken inta covariance matrix>,. Each local sensor processes its
account by assuming non-orthogonal direct-sequence codbservationz, independently to generate a local decision
division multiple-access (DS-CDMA) communication betweeu,,(z,,) which are sent to the fusion center. Let us denote
sensors and the data fusion center. The main contributioy r(u;(z1),u2(22), -+ ,un.(2n.)) the received signal at
of this paper is the derivation of the decentralized dedectithe fusion center. The fusion center makes a final decision
performance, in closed-form, under a total power constraipased on the decision rutg(r). The problem at hand is to

chooseuq(r), u1(z1), u2(22), -+ ,un,(2zn,) SO that a chosen
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man.jayaweera@wichita.edu. The solution to this problem is known to be too complicated
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are those that simply amplify the observations before mstra 7’ to minimize P, = poPs + p1P». As one would expect,
mission to the fusion center [1], [3]. Thus, the local sensdihe performance of course depends on the particular codes
decisions sent to the fusion center are giveny,= gz, assigned to each sensor node as seen fidm (5)[Aand (6). Thus,
forn =1,--- Ny whereg > 0 is the analog relay amplifier while it is possible to evaluate the performance for specific
gain at each node. In our model all sensor nodes shareystems vial{5) and(6), it is rather difficult to draw general
common bandwidth and a total available energy. For analyticonclusions regarding the design of decentralized detecti
reasons, as well as due to their practical relation to DSystems. However, such conclusions can be reached for large
CDMA communications, we consider bandwidth sharing nosystems through asymptotic analysis, as we show next.
orthogonal communication based on spreading in which each

sensor node is assigned a signature code of lengthf the I1l. L ARGE SENSORSYSTEM PERFORMANCEANALYSIS

n-th sensor node is assigned the cagle the received chip- | ot s assume that the spreading codes are chosen ran-
matched filtered and sampled discrete-time signal at th'erfusdom|y so that each element sf, takes either—— or ——L
vN

N o ]\[S o
center can be written as= g3,,%; Snzn + W = 982+ W equal probability. Moreover, we take independent sens
wherer andw are N-dimensional received signal and receiVefpcarvations such that. — o2I. Let us assume a large
v v

noise veg:tors, r?speﬁtlvely and theh column Ef thﬁN x NS, sensor system such that baty, and N are large such that
matrix S is equal to the vectas,,. We assume that the rece|ver.mN_>OO NW — a. Now using a theorem on the convergence

no?se is a white Gausszian hoise process so that the f”tercﬁqhe empirical distribution of eigenvalues of a large ramd
noise vectow ~ N(0,0;, Ly). Then we have that matrix proven in [4], we may prove the following propositjon

w

Hy: 1t ~ N (mg, %) which is _the main _result of this paper:
Hi: r ~ N(my,%) @) Proposition 1: With S and > defined as above,
. o2 m? 4 o2 !
where, for j = 0,1, m; = gSE{X;} and ¥; = ¢?17sTy"1s1 — (_v + 71)) . (7
9*S (Cov(X;) + £,) ST + 02 1y. Ns — Pho
To be specific, consider the detection of a determinist&dmost surely, asv — oo, where

signal so thatX; = —Xg = ml is known n > 0) T ; ; )
and %y = ¥; = X where (L is the vector of all ones) , _ \/(74'%) a? +2y(0f, —y)a+9* = (v+ou)at+y ®
¥ = ¢?8%,8T + 62 1y. With these assumptions we also have 2v03,
thatm; = —mg = g¢gmS1 and the radiated power of node

i — P m?) _ = o2
n is then given byE{|u, |} = ¢?E{|z,[2} = g2(m? + 02) W7 = (1457 )—land, =oL
whereo? is the observation noise variance. Let us define the Proof: See Appendix . ,
total power constraint the whole sensor system is subjected 1€ PropositiorlIl leads to the following corollary on the

as P, so that the amplifier gaip is given by asymptotically large sensor system performance of dealentr
ized detection in noisy bandlimited channels:

P Corollary 1: With all notation as defined above,

9 = m- ®3) when limy_ o NW = «, the large sensor network

_ _ performance of the decentralized detection is given
Then, it can be shown that the optimal threshold rule at trE)§, Py — Q (\//7(7' + ¥)/2m and P, —

fusion center is of the form o2 ) 02 | m?ig?
1 S Qg\/ﬁ(T—T)ﬂm Whereﬂ_:.N—’;+ 5, -
_ - - he above corollary leads to insights on large sensor system
uo(r) = if T(r) T, 4) ) S : o
0 < performance of decentralized detection in noisy, bandichi
channels. For instance, in the special case of minimum prob-
where we have defined the decision variaffleas T'(r) = ability of error optimality at the fusion center, accorditm
(m; —mg)" =7r = 2gm17TSsT (9?S%,ST + 0'721]IN)71 r corollary 1, the large system probability of error is asyatpt

andr’ is the threshold that depends on the specific optimalitgally given by
criteria. It can be shown that the false-alaftp and missP,,

probabilities of the detectoEl(4) are given by Pe(a) — Q(m/Vh), ©)
7+ 2¢°m217STy 181 whgre convergence is almost surely ani as defined above. _
Py = — , (5) Figure[1a shows the convergence of the random-spreading
2gmV1T8TETIS1 based decentralized detection performance as predict@ by
and Note that the exact analysis in Figl 1a was obtained for a
P = Q(PLMUSTEISIT) () g ) prowces a good approxmation to e detecton
" 2gmV1TST¥-181 g- 4, v g bp

performance for large spreading lengfkisand thus for large-
For example, in the case of Neyman-Pearson optimality sgnsor systems (sind€; = N«). More importantly, we can
the fusion centery’ is chosen to minimizeP,, subject to observe from Fig[la that for each fixed, increasinga
an upper bound orP;. On the other hand under Bayesianmproves the decentralized detection performance. Sinise t
minimum probability of error optimality one would choosés equivalent to increasing the number of sens§gsallowed
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Convergence of Fusion Error Probability for Fixed Observation SNR Large System Fusion Error Probability for Fixed Observation SNR
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~0- a=0.1, Large System Approximation (eq. 9) ¥ Single Sensor System (eq, 11)
—%- a=0.1, Exact Analytical (corollary 1) — Large System Approximation (eq. 9 with N=20)

-6~ a =2, Large System Approximation (eq. 9) —— Large System Approximation (eq. 9 with N=400)
035 : : —— o = 2, Exact Analytical (corollary 1) H 035F —+ Limit of Large System Performance (Large a, eq. 10)

m?io? = 0.25, P =10 dB m?/o? =025, P =10 dB

———
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(b)

Fig. 1. Decentralized Detection Performance in a Noisy,dierited Channel Subjected to a Total Power Constraint @pé Sensor System Approximation
(b) Limit of Large Sensor System Approximation whan— oo.

in the system for a fixed bandwidth we conclude that it is APPENDIXI
better to allow as many sensors to send their local decisions THE PROOF OFPROPOSITIONT]
to the fusion center. Proof: Using the definitions oS and1, we can write

In fact, for large alpha, one can show that— U% and
as a result, in this case the error probability[th (9) ‘goes to

Ng Ns Ng
- g 178Tu TSI =¢" [ Y siu s+ ) D sinTlsy | (12)
P 0'12) - n=1 n=1n’=1
Pe(a) — Q \/0__2 (1 + W) . (10) n'#n
v Let Z denote a set of sensor indices (ZeC {1,2,- -, Ng}),

On the other hand, if one were to allocate all available pow8r4 denote the matri$ with column indices specified by set
P and the total bandwidth to just one sensor node the fusideleted,A,, = g2, and Q4 = (SaAn,_|4Sa+ 021x)

center performance will be given by wherel,, and|.A| are then x n identity matrix and the cardi-
" " — nality of set.A, respectively. Then, fon = 1,--- | N, using
Py o= 0 P < P/a3, n <1+ &)) (11) the matrix inversion lemma we can show thédts s, =

: 02, \m?/o2 m?2 54 Qpy8n/(1+9%07s5 Q) 50). But, applying Theorem 7 of

Comparison of [(TI0) and{L1) shows that allowing morgH and using [B). we can show thaIQ{nl}S” — fo alm_olst
sensor nodes in the network is better even if the channelsigrely, wheres, is as given by[8) and = % 1+ 7;1_22) .
both noisy and bandlimited. This comparison is shown in Figsombining these we have almost surely
[b. First, we can observe from FIg. 1b that/dsncreases the .
fusion center performance improves. Secondly we see that as six s, — ([30_1 + 9203) . (13)

N — oo, the performance for large indeed goes to(10). gimijarly, repeated application of matrix inversion lemma
Third, Fig.[Ab confirms that combining more local decisias kwice show that,

better than allocating all available power and bandwidtbrte Tt
sensor. Moreover, the performance improves monotonicallys—'s , — Sn Q i,y Sn
with increasinga (for a fixed N) showing that it is better (1 +g%3s£Q{j}}sn) (1 +g2U§s£,Q{f’n,}sn/)
to combine as many local decisions as possible at the fusign

center. We should d)i/vide the available poF\)Ner among all nodjgow the use of Theorem 7 of [4] _sh(_)ws that RHS goes o
and allow all of them to share the available bandwidth even3f° a_lmost surely, fon_ 7 n'. Substituting [6) and(14) in
they are to interfere with each other due to non-orthoggnali ) gives [F), completing the proof.

. (14)
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