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ABSTRACT image formation method capable of exploiting information

We develob a new passive image formation method capable &bout multiple scattering in the environment using measure
-Velop P ge! T P ents from a sparse array of receivers that rely on illumina-
exploiting information about multiple scattering in theven

. . tion sources of opportunity. The array of receivers can be di
ronment using measurements from a sparse array of receiv

. S : Hibuted spatially in an arbitrary fashion with several tred
that rely on illumination sources of opportunity. We use a : .

. : wavelengths apart. Such an array is referred to as a distdbu
physics-based approach to model wave propagation and dgberture [1]

velop a statistical model that relates measurements aea giv L . .
i : A number of passive imaging or detection approaches
receiver to measurements at other receivers. We formulahe

. : . ) . ave been presented in the literature [2-13]. Our method has
the imaging problem as a spatially resolved binary hprDE';hesth following advantages as compared to the existin SSiv
testing problem using the model between the measurements.at 9 9 P g pa

different receivers, statistics of the objects to be imaged Igzg:cgéziﬂgﬁggss ;)rsV(;/Zr(:grglsvr?igr? :Zlgggil];l;f&e for
statistics of the additive noise and clutter. We addressyhe P P Y

tiaIIy resolved hypothesis testing problem by COﬂStr@ﬂh’E measurements at a given receiver to the statistics of the mea

. U . . surements at other receivers, as well as the Green'’s functio
associated discriminant functional to be linear and by max:

imizing the signal-to-noise-ratio of the test-statistiad use of the background environment. This model allows us to ex-

the resulting spatially resolved test-statistics to foha im- ploit mqupIe-spa_ttermg_, as well as the a priori noisejtr .
) . ) and target statistics. With the exception of [4] and [3] séxi
age. We present numerical simulations to demonstrate the

T . . Ing passive imaging techniques rely on the single-scatieri
performance of the passive imaging algorithm. assumption. 2) Our imaging method is formulated in an

Index Terms— Passive imaging, multiple scattering, dis- estimation-theoretic framework, specifically as a Geriezéll

tributed apertures, binary hypothesis testing Likelihood Ratio Test (GLRT) [14]. We formulate the imag-
ing problem as a binary hypothesis test with unknown target
1. INTRODUCTION location. The GLRT is a particularly suitable framework for

the sparse arrays due to limited aperture available. 3) Our

Passive imaging is performed by using a single or mu|tip|é';1pproach does not necessarily require receivers with high

receivers measuring the scattered wave field from an obje@iréctivity. 4) Our approach can be used in the presence of
to be imaged due to illumination sources of opportunity-PasPOth cooperative and noncooperative sources of oppoytunit

sive imaging covers a wide range of applications including
acoustic, seismic and radar imaging. 2. A PASSIVE MEASUREMENT MODEL FOR
Passive radar imaging is of particular interest in urban ar- DISTRIBUTED APERTURES
eas due to increasing number of broadcasting stations, mo-
bile phone base stations, communication and navigatiefrsat We reservex to denote location in 3D Euclidean space and
lites. However, single-scattering assumption, on whies<l z to denote location in 2D space. We denote operators
sical received signal processing methods are based ont is Ng, R, etc.) with calligraphic letters. For a functiof, f
valid in urban areas. In this paper, we develop a passivgenotes its Fourier transform anff denotes its complex
This work was supported by the Air Force Office of ScientificsBarch conjugate. Bold font denotes vector quantities. Non-bold

(AFOSR) under the agreement FA9550-04-1-0223 and FA9550-0363. italic font denOtes_ scalar quantities. ) ) )
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due to distribution of sources can be adequately descriped mot be available. Here, we develop an alternative measure-

the scalar wave equation: ment model that expresses measurements at each receiver
1 in terms of the measurements at a different receiver. The
(V2 - 6—283> E(x,t) = s(x,t) (1) model involves a back-propagation operation and a forward-

propagation operation.
wherec is the speed of electromagnetic waves in the medium, The forward-propagation operator is an integral operator
which can be expressed in terms of the background propagtirat maps the total field and the target at a hypotheticagtarg
tion speedg;,(x), and the perturbation due to deviation from locationy to the scattered field at thé&" receiver, i.e.,
the background reflectivityl (x) asc?(x) = (1/ci(x) + .
V(x))~1, E(x,t) is the electric field and(x, ¢) is the source [Gyiul (@) = [ Wiy 9)i(xi, ¢, w)uly’,w)dy’  (6)

i 3 i + i i N
term, at locatiorx € R? and timet € R*. For an isotropic whereu(y, o) = T(y)w?E(y, w) andW, (v, y) is a spatial

pom_t source Iocqted o, s(x,t) = p(t)o(x — }.(0) where . windowing function of unit amplitude centered at a hypothet
p(t) is the transmitted waveform. The propagation medium is

: ) . o ical target locatiorny. Note that the forward-propagation op-
characterized by th@reen’s functiorsatisfying erator isy dependent due to the spatial windowing function

1 Ws. We define the back-propagation operator as the inverse
2 2 _
(V - 0_2825) g(x,y,1) = d(x —y)o(t). @) ofg,,, denoteit withg, 1. Since the operatd, ; is applied

. . . _ _ only at a single spatial locatio, its inverse may not exist
For typical carrier frequencies used in surveillance radaf y g'e =p o y

. . . i or all locationsy’ € D . G may be replaced with its
the incident field decays rapidly as it penetrates the groun Y W) Gy MY P

. . . . seudoinverse.
We can then write/’(x) in terms of a 2-D funct|on2, as in In an ideal scenario, where there is no noise or clutter
V(x) = V(x)é(xs — h(x)) wherex = (x,z3), x € R* and

in the measurements, we can express theneasurement in
h : R? — R represents the known ground topography. b

. o terms of thej*™® measurement as follows:
Since it is not reasonable to expect that the backgrounc? 9

model can account for arbitrarily fine details of the back- @ (w) = gy_igflm(o) (w) @)

ground, the reflectivity functioft’ could be decomposed into ’ ST

two parts,V = T + C whereT denotes the objects of inter- \yneres;,(? (w) andm{(o) are the noise and clutter-free mea-

est called target and denotes heterogeneities that are neitherSurements at thg'h and it receivers, respectively. In the

target nor a part of the background medium, called clutter. presence of noise and cluttei, is also back-propagated
Let E denote the total field in the medium. Then the scat- ¥

itas, (0) ; s — 0 2
tered field measurements at the receiver locateq) &an be along withrz; (‘_‘))‘ Theretore, if we denota; = m; " +1;,
modeled as the full expression for an alternative measurement model at

theit" receiver in terms of thg!" measurement, i.ei? (w),
m(t) = /g(Xo,y,t—T)T(y)BEE(y,T)dydT+ﬁ(t) (3) becomes

where ] (@) = GyiGy i (@) + GGy iy (@) + i)
= GyiGo i (W) + i (w). (8)
a(t) = / 9(x0,y,t = 7)C(y)0 E(y, 7)dydr +n(t). (4) s
Suppose there ar€ receive antennas locatedsat, . . . x,
we defineg(x,y,t) as the 3D Green's function equal to indexed byl,..., N. A vector measurement model can be

g(x, (y,h(y)),t), y = (y1,y=2). The firstintegral term in (4) formed by taking one of the receivers as a reference. Without
represents the measurement due to clutter. We denote it #igss of generality, we take thié" receiver as a reference and
nc(t). Without loss of generality, we assume that(t) has  form the following measurement vector,

zero-mean with finite variance and autocovariance function

~ ] ~ ] N T

n(t) denotes the additive thermal noise at the receiver. we as- m={[m] My - wmy | 9)
sume that(t) is white with variancer2 and is uncorrelated e o
with ne(t). Note that (3) can be linearized by the first Born Wheren;, i =1,---, N andi # j, denotes the measurement
approximation, after which the total field on the right side’’*: modeled in terms of the reference measurenientSim-
of (3) is replaced by the incident field. ilarly, we can vectorize the “reference measurements’s,

In Fourier domain, (3) becomes and the measurements due to noise and clutter:

~ ~ N T
(w) = / (%0, ) T (y)? By, w)dy + h(w). () me = Ly g ] 1o
n = [ 77L1 ’ng 77LN } (11)

For passive detection and imaging applications, the inci- X
dent field is not known, since the information on the transwhere inn;, i # j as defined in (4) and (5). Note that, m,
mitted waveforms and the location of the transmitters mayndn are all vectors of lengtQvV — 1).



The composition of the back-propagation and forwardwhere) denote the the output of the discriminant functional,
propagation operators can be represented as a diagonad matwvhich we call thetest-statisticandw is a template given by

given by w = [w] w)---wh]T. We determine the template by max-
) . . . imizing the signal-to-noise ratio (SNR) af[14]. The result-
Gy =diag | G410, Gu20,; - GynY,, }(12) ing optimal linear template is
wherei # j andGy is (N — 1) x (N —1). W — ﬁ‘lgyﬁr (20)
Using (8), (9)-(12), we form the vectorized passive mea-
surement model as follows: whereR is a non-negative definite symmetric operator with
the matrix kernel /2(R; + Ry).
m(w) = Gyme(w) + n(w) (13) (20) shows that the optimal template is location depen-

dent. For deterministic targets, under the assumptiorttieat
measurements due to clutter and noise are wide sense station
ary and mutually uncorrelated, (20) becomes

for some range of. Note that in (13), all the operations are
understood to be elementwise.

3. PASSIVE IMAGING AS A SPATIALLY RESOLVED wt = §_1(w)Gy(w)mr (w). (21)
BINARY HYPOTHESIS TESTING PROBLEM

where S is a diagonal matrix with elementS;(w),i =
We formulate the imaging problem as a binary hypothesig, ... | N andi # j, which is a function of the power spectral
testing problem which has its roots in the Generalized likel density function of the measurements at tHereceiver due
hood Ratio Test (GLRT) [14]. The application of the GLRT to clutter and noise and the kernel@Gf,.
formalism to imaging involves modeling of the scene as a col-
lection of point targets with unknown locations and settipg 4. NUMERICAL SIMULATIONS
a spatially resolved hypothesis testing problem to evaltie

presence or absence of a target. The image is formed by e conducted numerical simulations to verify the our imag-
spatially resolved test-statistic where the location aoskp ing theory using a point target.

bly the shapes of the targets can be identified by threst@ldin ~\\e assumed that the transmitted signal is continuous-

the image. Here, we determine the test-statistic by maximizyaye (Cw) with 900 MHz carrier frequency and 10 ns dura-

ciated discriminant functional to be linear. We assumed that all of transmitters are transmitting theesam
The spatially resolved binary hypothesis test can be exyaveform.
pressed as: We consider a scene of siZe, 70] x [0,100] m? with

flat topography. The point target was assumed to be at
(14)  [45.34 45 1] m with unit reflectivity. Both the receivers
and transmitters were assumed to be located on the same

Ho: m=n = target absent
Hi: m=Gym;+n = target present

whereG,, m,, m andn are as defined in (9)-(13). plane,z = 6, and lie on a straight line, equidistant from each
Using (7), (10), (11) and (14), we obtain other. The three receivers were located#®8 0 6]7,
[28.3 0 6]7 and [-2.1 0 6]7, all in meters. The
E[m[Ho] = 0 (15)  transmitter was located &@8.3 70 6]7 m for the single-
Covm|Hy] = Rn=:Ryg (16)  transmitter case, and6.6 0 6]7mand[20.1 0 6]7m
E[m|H] = G,E[m.|H]=G,m, (17) forthe two-transmitter case.
[m[H,]

For the multiple scattering environment, we used a
“shoot-and-bounce”, multi-path propagation model and-con

whereTi, denotesE [m,|H,], G denotes the Hermitian Sidered a specular reflecting wall locatedrat 0.

transpose 06,,, R denotes the autocovariance of the noise- N all the experiments, the thermal noise is simulated as
and clutter- free reference measurements in the presence € additive white Gaussian process. _

a statistical target anR,, denotes the autocovariance of the ~ Fig. 1 and Fig. 2 show the reconstructed images for the

= Gy(Rr +Rn)G] + Ry = Ry(18)

measurements due to clutter and noise, R (w,w’) = point target model inf_ree-s_pace anql mu_lti-path enviro_rtmen
E [n(w)n” (&)]. rgspegtlvely. Comparing F|g. 1(b) with Fig. 1(a), and F@)Z
The linear discriminant functional involved in our prob- With Fig. 2(a), we see that in both free-space and multi-path
lem has the form propagation environments, the strength of the image aathe t
getlocation increases with the increasing number of trithsm
A= {m,w) = /medw = Z/wz*(w)mz (w)dw ters. However, multiple transmitters also induce artgdat
it the images due to perfect cross-correlation between ths-tra

(19) mitted waveforms as predicted by the theory.
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Fig. 1. The reconstructed images of a point target in free- [5]

space in the presence of 3 receivers and (a) a single transmit
ter, and (b) 2 transmitters.

[6]

X (m)

. [7]

Fig. 2. The reconstructed images of a point target in multi-
path propagation environments in the presence of 3 receiver
and (a) a single transmitter, and (b) 2 transmitters.

Note that looking at Fig. 2, we see that the strength of 9]
the target increased by almost an order-of-magnitude when
we exploited the multi-path effect as compared to the image
reconstructed in free-space propagation environment ishow
in Fig. 1. However, there are also additional artifacts.

(10]

5. CONCLUSION

In this work, we presented a new passive image formation
method using sparse distributed apertures, which is capabﬂll]
of operating in both free-space and multiple-scattering en
vironments. A detailed resolution analysis of the imaging
method will be presented in another paper. Finally, we note
that this imaging method is not limited to radar, and canlgasi

be adapted to similar passive imaging problems in acoystic§l2]
geophysics or microwave imaging.
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