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ABSTRACT

In this paper we consider distributed detection in ultra-
wideband (UWB) wireless sensor networks with asynchronous
transmissions over frequency-selective channels.  Three
amplify-and-forward schemes with different requirements
on channel state information (CSI) are investigated. Perfor-
mances are studied and compared by using the large deviation
principle and simulations.

Index Terms— Distributed detection, UWB, large devia-
tion, sensor networks

1. INTRODUCTION

Distributed detection is an important application for wireless
sensor networks. In a typical distributed detection scenario,
the information of interest is collected locally by a large num-
ber of low-cost sensors. Each sensor then delivers a summary
of its own observation to a remote fusion center where the re-
ceived data are processed to decide one of several hypothesis.
In such systems, the primary issue is joint optimal design of
local transmission strategies at the sensors and a decision rule
at the fusion center, which is known to be difficult to optimize
in general, and has been studied for more than two decades
(see [1, 2, 3]). However, most existing works ignore the ef-
fect of fading and interferences in the channel, and/or assume
transmissions from local sensors are perfectly synchronized.
Until recently, there has only been limited work on distributed
sensing under practical physical layer models ([4, 5, 6]).
Impulse-radio UWB has been considered as a promis-
ing candidate for wireless sensor networks due to its low
complexity and low cost. In this paper, we consider dis-
tributed detection with UWB as underlying physical layer in
the presence of practical power, fading and synchronization
constraints. Unlike [5], we allow for noise in the sensing
model and do not assume that all sensors agree on the same
message before transmission. A significant and surprising
result of distributed sensing problem is that in a Gaussian
system with AWGN channel, a simple amplify and forward
analog scheme along with coherent combining outperforms
any separate source and channel coding scheme and achieves
an asymptotically optimal scaling law [7]. This is because
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that the goal of distributed sensing is to obtain some common
information instead of recovering separate data from every
sensor. Since the received signals may cancel out each other
if the channel fading is zero mean or in the presence of ran-
dom synchronization errors, the channel state information
(CSI) has to be fed back to each sensor to compensate for
the fading and synchronize the signal. However, the UWB
signal experiences a frequency-selective channel and has an
extremely narrow pulse duration. It is neither practical to
feed back full CSI to all sensors, nor synchronize at the pulse
level at the receiver.

In this paper, we study the detection performance of
UWRB systems with amplify-and-forward. In particular, we
are interested in the following questions: (i) what is the
tradeoff between the detection performance and the feedback
overhead? (ii) How can the asymptotically optimal perfor-
mance be achieved under the practical limits? (iii) How is the
asymptotical optimality affected by the system bandwidth and
power? To reveal some answers for the above questions, we
investigate three schemes with different requirements on CSI,
and compare their performances using large deviation analy-
sis. We first derive the performance of a log-likelihood ratio
detector when no CSI is available at the sensors. Then, we
show that if each sensor knows the sum of its own multipath
gain, a coherent combining scheme can achieve asymptoti-
cally optimal performance. To reduce the feedback further,
we also propose a scheme requiring only 1 bit feedback and
having a maximal error exponent with a factor of 2/7 loss
compared to the best possible one.

2. SYSTEM MODEL

We study a binary hypothesis distributed detection problem.
Let Hy and H; denote the null and alternative hypothesis with
prior probabilities P(Hy) = P(H;) = 0.5. M sensors are
deployed in the event area and make independent observa-
tions U;, fori = 1,--- , M, in each observation period. To be
specified, we assume

Hy: The ith sensor observes U; = w;;

H: The ith sensor observes U; = 0 + w;,
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where 6 > 0 is a known constant and w; is 1.i.d Gaussian ob-
servation noise with zero mean and variance o2,. Note that
our analysis below can be generalized to multiple hypothe-
sis test problems and correlated Gaussian observation noise
cases.

We consider an analog transmission strategy where each
sensor amplifies its observation and then forwards it to the
fusion center using UWB signalling. The transmitted signal
from the ¢th sensor is given by

Ny—1
sit) = Y gUicPS(G)p(t — Ty — I (HT), (1)
j=0

where T’ is the frame duration; N is the number of frames
in one observation period; ¢P%(j) = +1 and I (j) =
1,---, L. are the pseudo-random direct sequence and time
hopping codes, respectively, in order to smooth the spectrum;
T, is the chip duration; p(t) represents the monocycle wave-
form with pulse energy normalized to 1 and pulse duration
T, < Ty; and g; are the amplification coefficients which
must satisfy a power constraint Py, i.e.

M M
D E(s3(t) = Ny > E(g) (02 +0.50%) < Pior. (2)
=1 =1

The frequency selective channel of UWB systems is mod-
eled by a tapped-delay-line model [8]

L-1
hi(t) = awd(t — 70; —IT0), 3
1=0

where L is the number of multipath components, 7q; is the
delay of the ith sensor’s first arrival multipath, and «y; is the
[th multipath gain of the 7th sensor. Since the pulse duration is
ultra small and the number of sensors is large, it is unrealistic
to assume that each sensor knows 7, so as to synchronize on
a pulse level. We assume that 7p; is unknown to all sensors
such that signals arrive at the fusion center unsynchronized.
The composite received signal at the fusion center is given by

M L-1

r(t) =Y ouisilt — 1oi — IT.) + n(t), “)

i=1 [=0

where n(t) is the received white Gaussian noise. The fusion
center decides on Hy or H; based on r(t). To simplify the
analysis, we have made the following assumptions.

1. We assume T, = T, = 1/W, where W is the signal
bandwidth. Let N = |Tt/T,| denotes the number of
resolvable bins in one frame, and L = |T,,,/T}, |, where
T, is multipath delay spread.

2. We assume that the differences of sensor’signal arrival
time are limited within T, i.e., we assume that k; :=
70i/Tp + C,IIH, fori =1, ---, M, is an integer random
number uniformly distributed within [1, N — L].
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3. We assume &y; «y; are 1.i.d Gaussian random
variables with zero mean and normalized variance 1 /L.

.— DS
=G

4. Since the signals are periodic with period T’s. Without
loss of generality, we assume Ny = 1.

Under the above assumptions, the received signal can be ex-
panded by N orthogonal samples r = [rq,--- ,rn]T, and

M
rj = gilUihji + nj, )
i=1
where T denotes matrix transpose, n; ~ N(0,02) is i.i.d
received Gaussian noise, and h; is the effective channel co-
efficient, given by

N
h]z — { G Okz)a

The received signal in matrix form is given by r = HX + n,
where H = {hji}NX]VI; X = [glUl, cee thUM}T andn =
[n1,---,ny]T. In the following, we focus on the perfor-
mance analysis for Bayesian test, although similar results can
be generalized for Neyman-Pearson test.

ith; <j<k+1L;
otherwise.

(6)

3. NO CSI AT TRANSMITTERS

If sensors do not have any CSI, given the identical sensor as-
sumption, the amplification coefficients should be the same

_ _ _ _ Ptot
g=g1= —gM—\/M57 @)

where § = o2 + 0.502. If H is known by the fusion center,
it can be easily verified that r is Gaussian distributed under
both hypothesis,i.e.,

Hy:r ~N(0,%);
Hi:r ~N(0gH1,X),

where 0 = [0,---,0%, 1 = [1,---, 1]k, and & =
g?02HH” + 621y and I is identity matrix. It is well known
that the optimum detector is the log-likelihood ratio test. In
the above problem, the decision rule is

1
Ty(r) == 0gr" " 'H1 2}}! 5192921THT§:*1H1. (®)

The decision variable 7} (r) is Gaussian random variable with
E(Tl (I‘)|H0) = 0 and E(T1 (I') |H1) = var(T1 (I‘)|H0) =
var(Ty(r)|H1) = 02g?1THTE~TH1. Therefore, the error
probability of the detector is given by

P.1=Q (%\/02g21THT2—1H1> 9)

where Q(z) = [~ \/%6_92/20@. Although the above
scheme does not require any feedback, the performance is
generally not optimal as observed from the numerical and
simulated results in Sec. 5, since the signals at the same bin

from different sensors may cancel out each other.



4. PARTIAL CSI AT TRANSMITTERS

To achieve the optimal performance, both the sensors and
the fusion center need to fully exploit the CSI. However, for
UWRB sensor networks usually with a larger number of sen-
sors and frequency selective channels, it is impractical to feed
back the full CSI to all sensors. In this section, we propose
two simple schemes which only require partial CSI at the sen-
sors.
Consider the following simple test

N

Ty(r) := ZTJ ZH, 2929120‘“ (10)
Jj=1 =1 =0
Our idea of this test is to mimic the coherent combining

method in the AWGN channel proposed in [7]. Assume H;
is true, we have

M M N
To(e|Hy) = 0 gifi+ Y gifowi+ Y ny, (11)

i—1 i=1 j=1
where f; = ZzL:o &y Thus, T (r) is Gaussian random vari-

able under both hypothesis, and the detector performance is
given by

() >V T L N

Pe,2 = Q
2 o2 Ei:lgzzfiZ_'—NU?z

We are interested in the asymptotical performance when M
goes to infinity. Assume that g; = g(f;) for all sensors where
g(-) is some function. Using the Cramér’s large deviation the-
orem, we have

IOgPe,QZ (¢ Zl 1glfl)

M—o0 8M(0120 Zz 1 g7 f12 + NU2)

. 02 E2[g(f:) fi]
M=o 8(02 Eg2(fi) £2] + 702)

where the second equality is due to the law of large num-
bers. Since E2[g(f;)fi] < E[g*(f:)f?], eq. (13) is maxi-
mized when var[g(f;)fi] = 0. Note that the amplification
coefficients g; have to satisfy the power constraint given by
(2). To solve this problem, let

if |f| > & (14)

1/f,
g(f):{ 0, if|f|<é

where ¢ is the positive solution of f 2L 7=b(f)df = Lot and

b(f) denotes the probability densuy functlon of f. Let p,
denote the probability of | f| > £. This scheme requires the
fusion center to feed back f; to each sensor. We call it the
sum-feedback scheme.Substituting (14) into (13), we have

lim —
M—o0 M

; (13)

6°po
lim ——10 P.o= lim ———F—. 15
TR e S S oy (Y
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Note that 62/(802)) is actually the error exponent rate when
the sensors are connected to the fusion center with a per-
fect channel. This is because, if the fusion center has the
knowledge of all U; directly, applying the log-likelihood
ratio test to Uy, ---,Uyps, the error exponent is given by
62/(802). Therefore, the detector Tz(r) along with g;
given by (14) approaches asymptotically optimal if p, —
1 and limp/_ o % = 0. Note that p, — 1 whenever
limps_ o0 & 2t = oo. To get more insight, we consider
the following cases for the sum-feedback scheme.

1. Iflimps— oo 22t = 0o and limps—, oo % = 0, the sum-

feedback scheme has the best possible error exponent.

2. If limp— oo Piot — () or limps— oo XL = oo, the error
M M

exponent equals to 0, indicating non-exponential, slow
error probability decay rate.

3. Otherwise, the sum-feedback scheme has a sub-optimal
€rror exponent.

From (15), we can see that as [V increases the error exponent
decreases. Note that our proposed scheme is the counterpart
for the frequency-selective channel of the analog scheme with
coherent combining in [7]. Since N = |T¢W |, this shows
that with a frequency-selective channel, the performance of
the analog scheme with coherent combining may decrease as
the bandwidth or the asynchronous interval increases.

To further reduce the overhead of the system, we propose
another scheme called the 1-bit-feedback scheme. In such a
scheme, the fusion center feeds back only 1 bit information to
each sensor, which is described as: if f;/|f;| = 1, feed back
1 to the 4th sensor; otherwise, feed back 0. The amplification
coefficient at the ith sensor is thus given by

gi = fz Ptot
C S

The decision rule is still give by (10) and the error probability
P, 3 is characterized by (12). The error exponent is

(16)

1 62
lim ——log P.3 = lim 17
Mo MR T (o2 1 P 050) an
Thus, when lim s, o E = oo, the error exponent of the

1-bit-feedback scheme achieves its maximum, which has a
factor of 2/7 loss compared to the optimal error exponent.
When lim ;o0 Pj‘f\]"‘ = 0, the error exponent equals to 0.

Similarly, the performance decreases as N increases.

5. SIMULATION RESULTS AND COMPARISONS

In this section, we compare the above three schemes using
numerical methods and simulations. The parameters we use
are: L = 10,0 = 1,02 = 02 = 1. Fig. 1 shows the
probabilities of error of the three schemes as a function of
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Fig. 1. Performance comparison when N = 20, P, /M =
10.
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Fig. 2. Performance comparison when N/M = 1, Py,: /M =
10.

M when N is fixed to 20 and P,,; increases linearly with M.
Note that the Y axis of the figure is in logarithm scale. It can
be seen that as M becomes large, the probabilities of error
decease very fast for the two feedback schemes. However,
since IV is fixed, the no-feedback scheme decreases slowly
due to sensors cancelling each other’s signal. Fig. 2 compares
the performances when both N and P, increase linearly
with M. In this case, the no-feedback scheme achieves ex-
ponentially decreasing rate and outperforms the two feedback
schemes. This is because as N increases with M, the pseudo-
random time-hopping code and direct sequence along with the
asynchronous transmission enable orthogonal multiple access
for the no-feedback scheme. It is noticeable that the sum-
feedback scheme outperforms the 1-bit-feedback scheme only
when M is very large and N is fixed. Considering the impact
of feedback overhead in large networks, the 1-bit-feedback
scheme is suggested over the sum-feedback scheme.
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6. CONCLUSIONS

We investigate three amplify-and-forward schemes with dif-
ferent CSI requirements for distributed detection in UWB
wireless sensor networks. If no CSI is available at the sen-
sors, the best detector can only achieve an exponential error
decay rate when both the total power and the time-bandwidth
product increase linearly with the number of users. If each
sensor knows the sum of its own multipath gain, a coherent
combining scheme is proposed to achieve asymptotically op-
timal performance. To reduce the feedback further, a scheme
requiring only 1 bit feedback is also proposed, and it is shown
that its maximal error exponent has only a factor of 2/7 loss
compared to the best possible one. We also reveal that for
the coherent combining approach such as the two feedback
schemes, the performance generally deteriorates as the time-
bandwidth product increases.
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