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ABSTRACT

We consider passive airborne receivers that use backscattered signals from sources of opportunity transmitting
fixed-frequency waveforms, which we refer to as Doppler Synthetic Aperture Hitchhiker (DSAH). We present a
novel image formation method for DSAH. Our method first correlates the windowed signal obtained from one
receiver with the windowed, filtered, scaled and translated version of the received signal from another receiver,
and then uses the microlocal analysis to reconstruct the scene radiance by the weighted-backprojection of the
correlated signal. This imaging algorithm can put the visible edges of the scene radiance at the correct location,
and under appropriate conditions, with correct strength. We show that the resolution of the image is directly
related to the length of the support of the windowing function and the frequency of the transmitted waveform.
We present numerical experiments to demonstrate the performance of the proposed method.
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1. INTRODUCTION

With the growing availability of transmitters of opportunity, such as radio, television and cell phone stations,
there has been a growing interest in passive radar applications using sources of opportunity.' ' Based on the fact
that most of the transmitters of opportunity are single-frequency or ultra-narrowband sources, such as radio and
TV stations, we consider passive airborne receivers that use backscattered signals from sources of opportunity
transmitting fixed-frequency waveforms. These waveforms are also referred to as high-Doppler-resolution or
continuous-wave (CW) waveforms. Due to the passive synthetic aperture and the nature of the transmitted
waveforms, we refer to the system under consideration as Doppler Synthetic Aperture Hitchhiker (DSAH).

We present a novel image formation method for DSAH. Our method first correlates the windowed signal
obtained from one receiver with the windowed, filtered, scaled and translated version of the received signal from
another receiver. This processing removes the transmitter related variables from the phase of the Fourier integral
operator that relates the radiance of the scene and the correlated signal. We, next, use the microlocal analysis'* 17
to reconstruct the scene radiance by the weighted-backprojection of the correlated signal. The analysis of the
point spread function (PSF) of the imaging operator shows that this imaging algorithm can put the visible edges
of the scene radiance at the correct location, and under appropriate conditions, with correct strength. We show
that the resolution of the image is directly related to the length of the support of the windowing function and
the frequency of the transmitted waveform. The final image of the scene radiance is formed by averaging over
the images obtained for each pair of receivers at each time translation. We present numerical experiments to
validate the theoretical analysis and demonstrate the performance of the proposed method.

Our passive imaging method has the following advantages: (1) as compared to the existing passive radar
detection/imaging systems,’ 2 it does not require receivers with high directives; (2) it can be used in the
presence of both cooperative and non-cooperative sources of opportunity; (3) it can be used with stationary
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Figure 1: An illustration of the DSAH imaging geometry.

and /or mobile sources of opportunity; (4) it can be used with one or more airborne receivers. (5) it is an analytic
reconstruction technique which can be made computationally efficient.

The organization of our paper is as follows: In Section 2, we first introduce the model of the received signal.
Then we develop the forward model for DSAH and analyze the leading-order contributions to the windowed,
filtered-scaled-and-correlated measurements. In Section 3, we develop a weighted-backprojection type image
formation method for DSAH and analyze the underlying geometry and resolution of DSAH image formation. In
Section 4, we present numerical simulations to verify the theoretical results and to demonstrate the performance
of the DSAH image formation method. Finally, in Section 5 we conclude our discussion.

2. DSAH MEASUREMENT MODEL
2.1 Model for the received signal

We use the following notational conventions throughout the paper. The bold Roman, bold italic and Roman
lower-case letters are used to denote variables in R, R? and R, respectively, i.e., z = (z,2) € R?, with z € R?
and z € R. The calligraphic letters (F, K etc.) are used to denote operators.

We make the assumption that the earth’s surface is located at a position given by z = (z,1(z)) € R?, where
z € R? and 9 : R? — R is a known function for the ground topography. Furthermore, we assume that the
scattering takes place in a thin region near the surface.

Under these assumptions, for a fixed-frequency waveform at frequency wyp, given a pair of transmitter and
receiver antennas located at T and R respectively, we model the received signal by!'®

o~ iwo(t—(|R—z|+|z—T1)/co) . .

; T -T,T rc - 1
PR e (w0 a — T T (o, 5~ R, R)p() dz 1)

f(t,R,T)%/

where ¢ denotes time, ¢y denotes the speed of light in free-space, p(z) is the reflectivity function, and J;, and
Jre are the transmitter and receiver antenna beam patterns, respectively. z = z/|z| denotes the unit vector in
the direction of z € R3. For the rest of the paper, unless otherwise stated, we use z = z(2) = (z,9(2)).

Our imaging method is applicable to both mobile and stationary sources of opportunity and also applicable
to multiple transmitters and multiple transmit frequencies. However, for the rest of our discussion, we assume
that there is a single, stationary transmitter of opportunity illuminating the scene. This allows us to simplify
the analysis and distill the important aspects of our imaging theory.

Let T € R3 denote the location of the transmitter and let there be N airborne receivers, each traversing a
smooth trajectory «;(t), i = 1,--- , N as shown in Figure 1. We define

si(t) = f(t,v(t), T) (2)

as the received signal by the ith receiver, ¢ =1,,--- , N.
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2.2 Windowed, filtered-scaled-and-translated correlation of received signals

For a given point of interest zg on the ground topography and a fixed 7/ € R, we define the windowed, filtered-
scaled-and-translated correlation of the received signals s; and s; by

si(t+7") si(ut+ 1)
o7 = - t) |¢| dt 3
i = [ S o 3)
for some 7,7 € Rand p € R, 4,5 =1,---, N, where ¢(t) is a smooth compactly supported temporal windowing

function centered at ¢ = 0; and B;; is a filter to be determined later; and * denotes the complex conjugation. To
simplify our notation, we drop the superscripts zo from ¢;7 (7,7, 1) for the rest of our paper. Note that for a
single receiver, we only have ¢;; = c1;.

For non-cooperative sources of opportunity, we use a stochastic model for the transmitter antenna beam
pattern, Ji,, and the scene reflectivity, p. Let C), and C,, denote the correlation function of p and J;., respectively,

Cp(z,2") = E[p(2)p*(2')], (4)
C.. (w0, 2,2, T) = E[Jir(wo,z — T, T)Ji(wo, 2 — T, T)]. (5)

We make the assumption that the scene reflectivity p, and the transmit antenna beam pattern Ji, are statistically
independent. Furthermore, we make the incoherent-field approximation'® by assuming that p and .J;, satisfy the
following equalities:

Cp(z,2") = R,(2)i(z —2'), (6)
Cy,, (wo,2,2",T) = Rr(wy,z,2,T)i(z—2"). (7)

Note that R, is the average power of the electromagnetic radiation emitted by the scene at location z, and Rr
is the average power of the electromagnetic radiation emitted by the transmitter at location T that is incident
on the target surface at z. In this regard, R, is referred to as the scene radiance and Ry is referred to as the
transmitter irradiance.'®

Substituting s; and s; into ¢;;, under the assumption that p and J;, are statistically independent, and using
(6) and (7), we express the expectation of ¢;; as follows:

4
Elei; (7', 7, p0)] = (:’_0)4 / =i (t7" (17 (t+7") ~2|+| T—al) /o) giwo (ut-+7— (| (pt-+7) ' |+ T2 ]) /o)
m

Rr(wo, z,2",T)AR,; (wo, 2, 2", t,7', 7, 1)

o /
Gor 27 477 1) Biy (20, L 7o ) R,(2)0(z — 2')dzdz" ¢(t) |t] dt (8)

where Ag,; is the product of the receiver antenna beam patterns,

— I

Ap,; (wo, 2,2, 6,7, 7, ) = Jre(wo, 2 — Yi(t + 7'),%i(t + 7)) T (wo, 2/ — v (ut + 7), v (ut + 7)) (9)
and G; is the product of the geometric spreading factors,
Gij(z, 2, t, 7 7, 1) = |T —2||T — 2||7i(t + ') — 2| |v;(ut + 7) — 2']. (10)

Note that for non-cooperative sources of opportunity, T and thus |T — z| |T — Z/|, are unknown.
Now using the Taylor series expansion of ~; (¢t + 7') and ~;(ut + 7) at t = 0, we approximate

—

vt +7') =zl = |vi(1") — 2+ % ()t = |v(7") — 2| + (v(77) — 2) - Aa(7')t (11)
and
Iyt +7) = 2 = |3 (7) — 2+ ()] & |y (7) = 2| + (35 (7) — 7)< A (7). (12)
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Substituting the approximations back into (8), and performing the 2z’ integration, we have

o , Aij(z, t, 7,7, 1)
Ele;: (7! ~ Fi; - lpij(t,z,7",mp) W\ 0 L D 1
(7' 0] = FylRlrop) = [ e BT Ry () dx (13)
where
pij(t,z, 7,7 1) = wot[l — (v;(7) — 2) - (1) /eo] [Sij (7', 7,2) — 4] (14)
with o
L= (vi(r') —2) - 3i(r'
Sii(t' 7, 2) = (r (L)\ z) 7 () /<o (15)
1= (v;(7) —2) - (1) /co
and
41 /
Ai] (Z, t, 7_/, T, ‘LL) _ (UORT((JJO, Z)ARU (‘JJOa z,Z, t7 T,T, /'I’)¢(t) e_in(T/_T_(‘_“(T/)_Z‘_‘_Yj(T)_zl)/CO) (16)

(47T)4Gij (Z, z, tv T/a T, /1’)
with RT(wo,z) = Rr(wo, 2,2, T). We refer to S;;(7’,7,2z) as the Doppler-hitchhiker-scale-factor, and ¢;; and
A;;/B;; as the phase and amplitude terms of the linear operator F;;.

For cooperative sources of opportunity, the transmitter locations and antenna beam patterns are known.
Thus, Jir can be treated deterministically. Rr(wo, z) in (16) is replaced with Ji, (wo,z — T, T)J{ (wo, 2" — T, T).

Note that the filtered-scaled-and-translated correlation of the received signal removes all transmitter related
terms from the phase of the operator F;;.

We assume that for some ma, A;;/B;; satisfies the following inequality:

t /
Z,1, T ,T,u) |t| S CA(l_’_tQ)(mA_‘O‘tD/Q (17)

A
sup |99l 9 92 =
(t,p,7,2)EU b T Bij(ZOathlvTvﬂ)

where U is any compact subset of R x RT x R x R x R?, and the constant C4 depends on U, oy, 3, €1,2. This
assumption is needed in order to make various stationary phase calculations hold. Under the assumption (17),
(13) defines F as a Fourier integral operator whose leading order contributions come from those points lying in the
intersection of the illuminated surface (z,(z)) and points that have the same Doppler-hitchhiker-scale-factor,
ie, {zeR>:S;(r,7,2) = u}. We denote the curves formed by this intersection by

Ej (T/aTa :u) = {Z : Sij(TlvTvz = (za¢(z))) = :u}' (18)

When the speed of the receivers is much slower than the speed of light ¢y, S;;(7/,7,2) = p defines a hitchhiker
Doppler!? for a fixed frequency wy. In this regard, we refer to Fj;(7/, 7, 1) as the DSAH iso-Doppler contour. Fig.2
shows the DSAH iso-Doppler contours for two receivers traversing a circular trajectory over a flat topography.

3. IMAGE FORMATION

We form an image of the scene radiance by the superposition of the weighted and backprojected data, E[c;; (7', T, 11)]
as follows:

Ro(2) = Y [ KBl )z 7
ij
where
’Cij [E[CUH (Zv 7—/) = / elvi (t’ZJ,’T’H)Qij (Z’ Tlv 7, N)E[cij (Tlv T, N)] dtdr d/" (19)

We refer to KC;; as the weighted-backprojection operator with respect to the ith and jth receivers with weight
Qi to be determined below.
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Figure 2: Iso-Doppler contours F;;(7’, 7, p) for the Doppler-hitchhiker-scale-factor Si2(7/6, —7/12,2). with p
sampling over [1 — 1.5e — 6,1 4+ 1.5e — 6]. Two receivers are traversing a circular flight trajectory (dashed line)
at the speed of 261 m/s over a flat topography. The white and black triangles denote the positions of the two
receivers.

We rewrite ]:Zp as
Ro(2) = 3K Pl )(2) = [ Lz )Ry () 02 (20)
j
where L(z, 2') is the point spread function (PSF) of the imaging operator given by
L(z,2) = Z/Lij(z,z/,f')df' (21)
ij

and

Ay (2t 7 )

/ . 22
Bij(z,t, 7,7, jt) Hdt"dt dr dp (22)

. L ’ _ L ’ ’ ’
Lij(z,2',7) = / etz i —pu 27l Q. (7 7, )

Using the stationary phase theorem'® to approximate the #' and y integrations, we obtain

Al] (Z/, thlvT)

- —wot[1— jq—/\—z~'j7- col[Sij (7! ,7,2") =S, (1) 7,2 .
Lij(z7z,,7/)N/e 0t[1= (75 (r)=2); (7) /ol [ (v 7.2") = S5 ( )]Q”(z,T',T)Bij(z’tﬂ_,’ﬂ

|t| dt dr . (23)

Applying the method of stationary phase to the ¢ and 7 integrals, we see that the main contribution to
Lij(z,2',7") comes from those critical points of its phase that satisfy the conditions:

Si'(T/,T, z/) = Si'(TI, T, Z), (24)
and
> (7,2)/[1 = (% (1) = 2) - 4;(7) /o] = a2 (r,2)/[1 = (;(7) — 2) - 4;(7) /o] (25)
where
aj(r,2) = m(rl> — () 4 () (v (1) — 2) - %5 (7). (26)
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Figure 3: Iso-Doppler-rate contours F} (7, C') for the DSAH Doppler-rate f1(—m/12,2). Two receivers are travers-
ing a circular flight trajectory (dashed line) at the speed of 261 m/s over a flat topography. The white and black
triangles denote the positions of the two receivers .

Note that 4, 1 (7, z) is the projection of the receiver velocity %;(7) onto the plane whose normal direction is along

—

'yj(/r)\— z and ajz (1,2) is the total relative radial acceleration of the jth receiver in the direction of v, (1) — z.
We define

f5(rz) = a2 (r,2)/[1 - (v;(r) — 2) - 3 (7) /o] (27)

and refer to f;(7,z) as the DSAH Doppler-rate of the jth receiver. We refer to the locus of points that is
formed by the intersection of the surface topography and {z € R? : f;(r,z) = C}, for some constant C, as the
DSAH iso-Doppler-rate contour, and denote it by Fj(T, C) = {z: fj(r,z) = C}. Figure 3 shows the DSAH
iso-Doppler-rate contours with fixed 7 for a circular flight trajectory and flat topography.

The critical points z of the phase of L;;(z,2’,7’) are those points lying on the intersection of the DSAH
iso-Doppler curves Fj; (7,7, 1) and DSAH iso-Doppler-rate curves Fj (1,C). We assume that the only critical
point within the region of interest is z = 2’.

To determine the weight and the filter, we linearize S;; (7', 7, 2") around 2z’ = z and approximate

Sii(t' 1, 2") = Sy (7, 1, 2) ® VLS (T, T, 2) - (2 — 2) (28)
and
Aij(zlvtaTlvT) ~ Aij(zvtaTlaT) (29)
to write
X ’ ’ ArL t
Lij(z,2/,7) = /e‘”“”“ o) (2=2) Qij(zaT/;T)M It| dt dr (30)
Bij(z,t,7',7)
where

Bii(r, 71 2) =wo[l — (v (1) — 2) - 4;(7) /0| V2Si; (7', 7, 2).
In (30) for each 7" and z, we make the following change of variables:

(t,T)—>€1‘j Ztaij(T/,T,Z) (31)

]1:

and we choose the weight and the filter as follows:

Qutar'vr) = [ %

wl 2]

85”
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and

Bi_jl(zvta 7—/77—7 :u) = Ai—jl(zvta 7-/77—7 ,u) XQUJIYZ (tha 7-/77-) (33)

where X, is a smooth cut-off function equal to one in the interior of €;; . . and zero in the exterior of
Qij,T’,z with Qij,T’,z given by
Qi]ﬁ‘r’,z = {Eij =1 Eij (7—/’ T, z) | Aij (Z’ t, T/v 7—) # 0, (t’ 7—/7 7—) € (R+v R, R)} (34)

We refer to ;; -/ » as the partial data collection manifold at (7/,z) obtained by the ith and jth receivers for a
fixed 7 and refer to the union U;; -/ Q;j; . » as the data collection manifold at z and denote it by .. This set
determines many of the properties of the image.

To avoid instability of (33), B;;(z,¢, 7,7, 1) can be modified to
Aij(z,t, 77 1) X, (2, 6,7,7)

Bzt 7 = e 35
1] (Zv 57-;7-)“) |Aij(27t,7",7',/1)|2+02 ( )

2

where o° is a small positive constant.

Note that we choose the filter to compensate for the terms involving antenna beam patterns and geometric
spreading functions and the weight to perform proper interpolation in the phase space going from (¢, 7) to &;;
coordinates. These choices make the leading order term of L;;(z, 2z’,7’) in (30) to be the Dirac-delta function.

Substituting (31), (32) and (33) into (20), we obtain

Ry(z) =Y Ki[Fii[R,]|(z) = > /Q e % (='=2) R (2') dz’ dg;; dr' (36)
i i

ij, 7!,z

(36) shows that the image R, is a band-limited version of R, whose band-width is determined by the data
collection manifold (2., which describes the resolution of the reconstructed image R, at z. The larger the data
collection manifold, the better the resolution of the image is.

Microlocal analysis of (36) tell us that an edge at point z is visible if the direction n, normal to the edge is
contained in Q.. Consequently, an edge at point z with n, normal to edge is visible if there exists i, j, 7/, 7
such that &;; is parallel to m. Furthermore, the band-width contribution of &;; = tZ;;(7’, 7, 2) to a visible edge
at z is given by Ly|Z2;;(7’, 7, 2)| where Ly denotes the length of the support of ¢(¢). Thus, longer the support
of ¢(t), larger the magnitude of &;; becomes, giving rise to sharper reconstructed edges perpendicular to &;;,
i,7=1,...,N. Additionally, higher the wp, the frequency of the transmitted signal, larger the magnitude of &;;
becomes, contributing to higher image resolution.

(36) shows that irrespective of the choice of the weight and filter, the backprojection operator recovers the
visible edges of the scene radiance at the right location for a given ith and jth receivers and a fixed 7. With
the choice of the weight and filter given in (32) and (33), respectively, the resulting image formation algorithm
recovers the visible edges of the scene radiance not only at the right location and orientation, but also at the
right strength.

4. NUMERICAL SIMULATIONS

We conducted numerical simulations to demonstrate the performance of our imaging method using a multiple-
point-target model. We considered a scene of size [0,22] x [0,22] km? with flat topography. The scene was
discretized by 128 x 128 pixels, where [0, 0, 0] km and [22, 22, 0] km correspond to the pixels (1,1) and (128, 128),
respectively.

In all the numerical experiments, we used two airborne receivers and a single, stationary transmitter operating
either cooperatively or non-cooperatively. We assumed that both the receiver and transmitter antennas were
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Figure 4: (a) 3-D and (b) 2-D views of the scene with multiple point targets, illuminated by a single transmitter
located at yo = (0,0,6.5) km and the circular receiver trajectory vo(s) = (11 + 11 cos(s), 11 + 11sin(s), 6.5) km,
as shown by the red solid line. At a certain time instant, two receivers are located at the positions shown in the
figure.

isotropic. We assumed that the transmitter was located at yo = (0,0,6.5) km and the receivers were traversing
the circular trajectory given by

vo(s) = (11 4+ 11 cos(s), 11 + 11sin(s), 6.5) km. (37)

Let v1(s) and 71(s) denote the trajectories of the two receivers. We set 71(s) = yc(s) and v2(s) = y1(s — §)-
Note that the variable s in v¢ is equal to %t where V is the speed of the receiver, and R is the radius of the
circular trajectory. We set the speed of the two receivers to 261 m/s. We chose the sampling rate of 7 to be

1.9335Hz so as to uniformly sample the circular trajectory with 512 points.

For all the numerical experiments, we used (1) to generate the data and chose the windowing function ¢ in
(3) to be a Hanning function. We performed image reconstruction for each 7/ and coherently superimposed the
reconstructed images obtained over a range of 7.

In accordance with the incoherent field approximation, we used the following multiple-point-target model for
the scene reflectivity

L
p(z) = aib(z —=z) (38)
=1

where g;, [ = 1,---, L are independent Gaussian random variables with mean p; and variance O’lz. The corre-
sponding scene radiance is given by
Ry(2) = Elp(2)p" (2)] = Y _(1i + 07 )o(z — z). (39)

l

In our simulations, we considered a deterministic reflectivity and set 7 = 1. We used L = 9 and approximated
the Dirac-delta functions in (39) by square target reflectors of size 344 x 344 m?, each having a unit reflectivity,
ie, yp = 1,1 =1,---,9. The Figs.4(a) and 4(b) show the scene with targets, receiver trajectories and the
transmitter antenna location.

4.1 Cooperative Transmitters -

For the case of a cooperative transmitter, the reconstructed image is shown in Fig.5. The two images corre-
sponding to the fixed 7’ values are shown in Fig.6(a) and Fig.6(b). As expected, due to a smaller data collection

Proc. of SPIE Vol. 7699 769903-8

Downloaded from SPIE Digital Library on 27 May 2010 to 128.113.26.88. Terms of Use: http://spiedl.org/terms



1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

20 40 60 80 100 120

Figure 5: The reconstructed image for multiple point targets with 16 7" values uniformly spaced in [0, 248.258]s
using a single cooperative transmitter located at yo and two receivers traversing the circular flight trajectories

~1(s) and 72(s) as shown in Fig.4.

X 18
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' 14
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A 1
) 0.8
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’ 0.2
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(a) (b)
Figure 6: The images reconstructed for multiple point targets using the vectors in the partial data collection
manifolds (a) 12 r/=33.1011s (corresponding to s = w/4), and (b) Q12,7/=165.5054s (corresponding to s = 1.257),
with a single cooperative transmitter located at yo and two receivers traversing circular flight trajectories 71 (s)
and 72(s) as shown in Fig.4.

manifold, the resolution of these images is poorer than that of the image obtained by superposition of all the
images reconstructed for a range of 7’ values, 7’ € [0, 248.258]s, as shown in Fig.5. We observe that some of the
targets do not appear as sharp as the ones in Fig.5.

4.2 Non-cooperative Transmitters -

Fig.7 shows the reconstructed image for multiple point targets using a non-cooperative transmitter. Since
the location of the transmitter was assumed to be unknown, the received signal was not compensated for the
transmitter related geometric spreading factors. As a result, the scatterers closer to the transmitter appears
brighter in the reconstructed image than those that are further away from the transmitter.

5. CONCLUSION

In this paper, we developed a novel image formation method for passive SAR that uses transmitters of opportunity
with fixed-frequency waveforms and receivers traversing arbitrary flight trajectories. The method is based on the
windowed, filtered-scaled-and-translated correlation of the received signals at different (or the same) receiver and
weighted-backprojection of the resulting correlated signal. Such preprocessing of the received signal removes the
transmitter related terms from the phase of the resulting forward model allowing us to perform backprojection
without having the knowledge of transmitter locations.
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Figure 7: The reconstructed image for multiple point targets with 16 7/ values uniformly sampled in [0, 248.258]s
using a single non-cooperative transmitter located at yy and two receivers traversing the circular flight trajectories
~1(s) and 72(s) as shown in Fig.4.

The windowed, filtered-scaled-and-translated correlations of the received signal results in the projection of
the ground radiance onto the curves defined by the Doppler-hitchhiker-scale-factor. We next used microlocal
analysis to recover ground radiance from its projections via weighted-backprojection. The analysis of the point
spread function of the imaging operator shows that the singularities of the scene radiance that are reconstructed
are those that are at the intersection of the curves defined by the Doppler-hitchhiker-scale-factor and hitchhiker
iso-Doppler-rate curves. The weighted-backprojection algorithm puts the visible edges of the scene radiance at
the correct location, and under appropriate conditions, with correct strength. The analysis of the Fourier space
data collection manifold shows that the resolution of the reconstructed image depends on the frequency of the
transmitter, the length of the support of the windowing function, the hitchhiker Doppler and the range of the 7/
variable. The numerical simulations demonstrate the performance of the reconstruction algorithm.

We described our imaging algorithm for a single, stationary transmitter. However, the method can be easily
extended to multiple mobile or stationary transmitters by simply integrating the received signal model over all
transmitter locations similar to our work in.'® The method can be extended to include the case where the
received data is contaminated with additive noise following the framework introduced in our prior work.!”

Although we presented our approach specifically for passive synthetic aperture radar, our method is also
applicable to other passive imaging problems, such as passive geophysical or acoustic imaging.

ACKNOWLEDGMENTS

This work is supported by the Air Force Office of Scientific Research (AFOSR) under the agreement FA9550-07-
1-0363 and by the National Science Foundation (NSF) under Grant No. CCF-08030672.

REFERENCES

[1] Griffiths, H. D. and Long, N. R. W., “Television-based bistatic radar,” IEE Proc.-Radar Sonar
Navig. 133(7), 649-657 (1986).

[2] Homer, J., Kubik, K., Mojarrabi, B., Longstaff, I., Donskoi, E., and Cherniakov, M., “Passive bistatic
radar sensing with leos based transmitters,” in [Proceedings of IEEE International Geoscience and Remote
Sensing Symposium|, 1, 438-440 (June 2002).

[3] Griffiths, H. D. and Baker, C. J., “Passive coherent location radar systems. part 1: Performance prediction,”
IEE Proc.-Radar Sonar Navig. 152 (June 2005).

[4] Poullin, D., “Passive detection using digital broadcasters (DAB, DVB) with COFDM modulation,” IEE
Proc.-Radar Sonar Navig. 152, 143-152 (June 2005).

[5] Koch, V. and Westphal, R., “New approach to a multistatic passive radar sensor for air/space defense,”
IEEE Aerospace and Electronic Systems Magazine 10, 24-32 (Nov. 1995).

Proc. of SPIE Vol. 7699 769903-10

Downloaded from SPIE Digital Library on 27 May 2010 to 128.113.26.88. Terms of Use: http://spiedl.org/terms



[6]

[11]
[12]
[13]

[14]
[15]

[16]
[17]

[18]
[19]

Cherniakov, M., Kubik, K., and Nezlin, D., “Bistatic synthetic aperture radar with non-cooperative leos
based transmitter,” in [Proceedings of IEEE International Geoscience and Remote Sensing Symposium], 2,
861-862 (July 2000).

Cherniakov, M., Kubik, K., and Nezlin, D., “Radar sensors based on communication low earth orbiting
satellites microwave emission,” in [Proceedings of IEEE International Geoscience and Remote Sensing Sym-
posium|, 3, 1007-1008 (July 2000).

Howland, P. E., Maksimiuk, D., and Reitsma, G., “Fm radio based bistatic radar,” IEE Proceeings - Radar,
Sonar and Navigation 152, 107-115 (June 2005).

Baker, C. J., Griffiths, H. D., and Papoutsis, 1., “Passive coherent location radar systems. part 2: Waveform
properties,” IEE Proc.-Radar Sonar Navig. 152, 160-168 (June 2005).

Tan, D., Sun, H., Lu, Y., Lesturgie, M., and Chan, H. L., “Passive radar using global system for mobile
communication signal: theory, implementation and measurements,” IEE Proc.-Radar Sonar Navig. 152,
116-123 (June 2005).

He, X., Cherniakov, M., and Zeng, T., “Signal detectability in ss-bsar with gnss non-cooperative transmit-
ter,” IEE Proc.-Radar Sonar Navig. 152, 124-132 (June 2005).

Antoniou, M., Cherniakov, M., and Hu, C., “Space-surface bistatic sar image formation algorithms,” Geo-
science and Remote Sensing, IEEE Transactions on 47, 1827-1843 (June 2009).

Yarman, C. and Yazici, B., “Synthetic aperture hitchhiker imaging,” IEFEE Transactions on Imaging Pro-
cessing 17, 2156-2173 (Nov. 2008).

Nolan, C. J. and Cheney, M., “Synthetic aperture inversion,” Inverse Problems 18, 221-236 (2002).
Nolan, C. and Cheney, M., “Synthetic aperture inversion for arbitrary flight paths and non-flat topography,”
IEEE Transactions on Image Processing 12, 1035-1043 (2003).

Quinto, E., “Singularities of the x-ray transform and limited data tomography in r% and r3,” SIAM J. Math.
Anal. 24, 1215-1225 (1993).

Yazici, B., Cheney, M., and Yarman, C., “Synthetic-aperture inversion in the presence of noise and clutter,”
Inverse Problems 22, 1705-1729 (2006).

Barrett, H. and Myers, K., [Foundations of image science], Wiley-Interscience, Hoboken, NJ (2004).
Bleistein, N. and Handelsman, R., [Asymptotic Expansions of Integrals], Dover, New York (1986).

Proc. of SPIE Vol. 7699 769903-11

Downloaded from SPIE Digital Library on 27 May 2010 to 128.113.26.88. Terms of Use: http://spiedl.org/terms



