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ABSTRACT

A hitchhiker is a passive radar receiver that relies on sources of opportunity to perform radar tasks.!™
In this paper, we consider a synthetic-aperture radar (SAR) system with static non-cooperative trans-
mitters and mobile receivers traversing arbitrary trajectories and present an analytic image formation
method. Due to its combined synthetic aperture and hitchhiking structure, we refer to the system
under consideration as synthetic aperture hitchhiker (SAH). Our approach is applicable to cooperative
and/or non-cooperative and static and/or mobile sources of opportunity.

Conventional SAR processing involves correlation of the received signal from a receiver with the
transmitted waveform as a first step of the image formation. For passive SAR, however, the transmitted
waveform is not necessarily known. Instead, we use spatio-temporal correlation of received signals.
Given a pair of receivers, the spatio-temporal correlation method compares the received signals to
identify a target within the illuminated scene. We combine this with microlocal techniques to develop
a filtered backprojection (FBP) type inversion method for passive SAR.?

Combined correlation-FBP inversion method does not require the knowledge of the transmitter loca-
tions. Furthermore, FBP inversion has the advantage of computational efficiency and image formation
under non-ideal conditions, such as arbitrary flight trajectories and non-flat topography.

1. INTRODUCTION

With the rapid growth in the number of TV and radio broadcasting stations, mobile phone base
stations, 12 and terrestrial and space based communication and navigation satellites,'> ¥ hitchhikers
offer a viable approach to urban and rural surveillance radar as stand-alone or adjunct to active radar
systems.

6-10

Due to their receive only structure, the hitchhikers do not radiate, therefore they do not have
environmental impact, and are far less vulnerable than transmitters to electronic counter measures.
Furthermore, hitchhikers offer the following advantages. They are small and easy to install, and can
be mounted on ground based mobile platforms. They can be rapidly deployed. Their manufacturing
and operation costs are low. They require low powers for operation since they rely on other sources.
They can be employed to customize an application specific coverage area. Finally, since the stealth
technology is designed primarily for monostatic radar, hitchhikers has a potential to counter stealth
technology.? 14, 19,20

To our knowledge, existing passive radar systems” 911 14716:21 consist of multiple receiver antennas.

For each possible transmitter there is at least one designated receiver that has a direct line of sight to the
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transmitter that can receive target free reference signal. Target detection is performed by correlating
the reference signal with the signals obtained from the other receivers. While these approaches provide a
novel way to perform detection without the knowledge of the transmitted signal, they require knowledge
of the number of transmitters, their locations along with receiver antennas with high directivity in order
to isolate the direct path from other paths.

In the case of two or more receivers, an alternative approach is to correlate the received signals
obtained at different receiver locations, which we will refer to as spatio-temporal correlation, and look
at the relative change in the correlated signals to perform target detection.??"2* Unlike the approaches
in, 79711 14716,21 thig approach does not require any knowledge about the transmitters.

In this paper, we consider a synthetic-aperture imaging system consisting of receivers with poor
directivity traversing arbitrary flight trajectories that use sources of opportunity for imaging as illus-
trated in Figure 1, and provide a spatio-temporal correlation-based imaging method to recover the
target scene radiance. The advantage of our method compared to the methods used in the aforemen-
tioned passive radar imaging techniques is that it can be employed for passive imaging in the presence
of both cooperative and non-cooperative sources of opportunity without requiring direct path to each
transmitter for reference signal extraction and thus receivers with high directivity. The method can be
easily extended to multistatic synthetic aperture hitchhikers.

Figure 1. Synthetic aperture hitchhiker geometry.

In the optic, acoustic and seismic literature, analog of the spatio-temporal correlation method
have been successfully applied to imaging under the context of coherent-interferometry, time-reversal
and phase conjugation (see? 27 and references therein for a review and recent advances on coherent-
interferometry, time-reversal and phase conjugation).

23,28 with microlocal

Our treatment combines the spatio-temporal correlation methods presented in
techniques??3Y to develop FBP-type reconstruction methods for SAH. Given a pair of receivers, the
spatio-temporal correlation method correlates received signals from different receivers to identify a
target within the illuminated scene, eliminating the need for knowledge about the transmitter location
and waveform. Microlocal techniques provide an approximate FBP-type inversion method; however,

if an exact inversion is possible, the result often reduces to the exact inversion formula. Furthermore,
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the FBP-type inversions have the desirable property that visible edges in the target scene appear at
the right location and at the right orientation. Thus, we perform reconstruction in three steps: First
correlate the received signals; next filter the correlated signal; and finally backproject the correlated
and filtered signals along isorange contours (see Section 3 for definition). We present the performance
of the method in numerical simulations.

While for the current discussion, we consider static sources of opportunity, the method we introduce
is also applicable to mobile sources of opportunity.

The organization of the paper is as follows: In Section 2, we introduce the forward model. In
Section 3, we present the image reconstruction method. In Section 4, we demonstrate the performance
of the method in numerical simulations. Finally, we conclude our discussion in Section 5.

2. FORWARD MODEL

Let vp, (s) and vg,(s), s € R be the SAH trajectories, as shown in Figure 1. Let x = (z,¢(x)) € R?
denote the surface of the earth, where £ = (1, 22) and ¥ : R? — R is a known smooth function.

We assume that the electromagnetic waves propagate in free-space and then scatter in a thin region
at the earth’s surface. Under the start-stop approximation, the single-scattering (Born) approximation
of the contribution to the received signal at the ith (i = 1,2) receiver due to a transmitter located at
y € R? can be modeled as:*

diy(s,t)~ / e 2molt=riy(s@)/0) Ap (w, s, 2) Ap(w, &, y) G () dw daz, (1)

where 1 = v/—1, t is the fast-time, s is the slow-time variable that parameterizes the trajectory, cg
denotes the speed of light, 7;y(s,x)/co, where r;y = |y — x| + [x — vg,(s)|, is the total travel time,
G(zx) denotes the ground reflectivity, and

T wJg (W, s, x)

ARi(wasvm): 9 |7Ri(5)_x|
T wdr(w,x,y
Ar(w,x,y) = \/;F;((_ﬂ) (2)

In (2) Jg, is the it receiver antenna beam pattern and Jr is the transmitter antenna beam pattern
located at y (which also includes the transmitter waveform).

The received signal at the ith receiver is given by the superposition of (1) over all transmitters:
di(s,t) = /dZ-,y(s,t) dy. (3)

The ideal image reconstruction problem is to estimate G from the knowledge of d;(s,t), i = 1,2,
for some range [sq, sp] and [0, tp] of s and ¢, respectively. For monostatic SAR and BISAR, the general
strategy for estimating G is to perform matched-filtering followed by filtered backprojection (MF-
FBP).2%31:32 MF-FBP introduced in,332 however, requires the received signal in (3) to be decomposed
into the components due to each of the transmitters given in (1).

In the presence of non-cooperative sources of opportunity the received signal can not be decomposed
into components due to each of the transmitters. In this case, we instead reconstruct the target scene
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radiance Rg of the scene by filtered backprojecting the correlated received signals of different receivers.
We refer to the resulting imaging method as correlation filtered backprojection (C-FBP).

We define the spatio-temporal correlation of d; and dy by
dia(s, s’ t) = /dl(s, T)d5(s + 8,7 — t)dr, (4)

where * denotes complex conjugation.

Considering that the sources of opportunity are non-cooperative, we treat the unknown terms
transmitter antenna beam pattern Jr and ground reflectivity G statistically, and for ease of exposition,
we also assume, without loss of generality, that G and Jr are zero mean random processes. Furthermore,
we assume that G and Jr are statistically uncorrelated.

Let Cg and Cp denote the auto-covariances of G and Jp, respectively:

Cg(a},.’Dl) :E[G((B)G*(wl)],
CJT (wv z, .’B,, Y, yl) = E[']T(wa Z, Y)J;“@)v $/7 yl)]a (5)

where J7 denotes complex conjugate of Jr. Then
Eldia(s,s',t)] = /ei2ﬂ-w(t[|x7R1 ()|=Ix' =R, (ers’)I}/CO)AR12 (w,s,8,z,2)
X {/ eizm(”y_’d_|y,_x,”/c‘))CT(w,a:,cc’,y,y')dydy’ Co(x, x')dw dx dx’, (6)

where
ARy (w, 8,8, z,x') = AR, (w, s, x) AR, (w, s+ s’ x'), (7)
and

Ew2 CJT (wa €, CL'/, Y, y/)

CT(w7m7:D/7ny/) = (8)

2 |x—-y|x -y

Next, we make the incoherent-field approximation®® to (6) by assuming that G' and .Jr are uncor-
related in  and y, respectively:

Co(z,x') = Rg(z)d(x — ')
CT(w,w,zc,y,y’) - RT(w7m7y)5(y _y,)' (9)

R¢ is the electromagnetic radiation that is emitted from the surface of the target, and is referred to as
the radiant exitance/emittance of the target or target radiance.?® Rr is the power of electromagnetic
radiation emitted from the transmitter that is incident on the target surface, and is referred to as
transmitter irradiance.?S

Thus we simplify (6) to
Eldi2](s,s',t) = F[Rg](s, s, t)
. /e_i%“’(t_m(s’s"x)/co)Ang(w, 5,8, @, ) Rr(w, ) Re(x) dw de, (10)
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where
Ro(w, ) = / Re(w, z,y)dy, (11)

is the total transmitter irradiance and r12(s, s, x) = |[x — g, (5)| — |x — Vg, (s + &')|. We will refer to
r12 as the hitchhiker range. Our aim is to reconstruct R given Eldia(s, s, t)].

3. IMAGE FORMATION

We assumed that G and Ap are statistically uncorrelated in x and y and zero mean random processes.
Additionally, we assume that for some m, Ao = Apr,, Ry satisfies

sup 80‘8B8’G/8p18”2A12(w, s, )| < Ca(l+ w2)(mA—|a\)/2 (12)

ws Y Yx1 Yo
(s,x)eK

where K is any compact subset of R x R?, and the constant C'4 depends on K, o, 3,3, p1, and ps. In
practice (12) is satisfied for transmitters and receivers sufficiently away from the illuminated region.
This is the case especially for air-/space-borne transmitters and receivers, and broadcasting stations
located on high grounds.

Furthermore, under the assumption (12), equation (10) defines F as a Fourier integral operator®3
whose leading-order contribution comes from those points lying in the intersection of the illuminated
surface and the hyperboloid Hia(s, s, t) = {x : r12(s, s, x) = cot}. The curves formed by the intersec-
tion of the surface and Hia(s, s',.) will be referred to as isorange contours, at the slow-time parameters
s and ¢'. For flat topography ¢ (x) = 0, the isorange contours are given by hyperbolas on the plane
x3 = 0. Thus an approximate inversion of F can be computed by a suitable backprojection of dis on

to the isorange contours:33

K[F[R]] (z) = /ei%”(t_ru(s’s/’z)/co)Q(z,w, 5,8 F[Rg|(s, s, t) dt dwds ds’, (13)

where I will be referred to as the filtered backprojection operator with @) being the filter which is
chosen such that the leading order term of the point spread function of £ = ICF becomes Dirac delta
function.

In this regard, we choose @ to be (see3! for the derivation of Q)

XQ, (&(s,w)) Al (w, s, 8, 2)

AN
Q(z,w,s,s)— n(z,z,&,sl) |A12(w75,5/7z)’2

(14)

where n(z, z,£,s") = |0(s,w)/0€|, is the determinant of the Jacobian that comes from the change of
variables

W 2. z—Vr, ()  z2—7R,(s+5)
(s,0) = & =2 Dy(=) [|z—m<s>r |z—vR2<s+s'>|]’ (15)
with
CT10 9y(z)/02
Dw(z)—[o 1 6¢(z)/8,z;}’ (16)
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and xq_ , is a smooth cut-off function equal to one in most of the interior of 2, ¢ and zero in the
exterior of (1, y, where

Qz,s’ = {E ‘ Al?(w7$7sl7w7z) 7é 07 ENS [Sa,Sb]}. (17)

Thus (13) gives a band-limited version of Rg whose frequency content is given by Uy, . An edge
of Rg passing through z is visible if the normal of the edge lies in Uy§2, ». In this regard (13) only
reconstructs the visible edges of Rg. In the next section we will demonstrate the performance of our
method in numerical simulations.

4. NUMERICAL SIMULATIONS

In our numerical simulations, we considered a scene of size [0,22] x [0, 22] km? over a flat topography
which is discretized by 128 x 128 pixels as illustrated in Figure 2; isotropic transmitter and receiver an-
tennas; circular flight trajectories yg, (s) = vg,(s +7/4) = v(s) = (114 11 cos s, 114 11sin s, 6.5) km;
uniform sampling for s € [0,27) at 512 points; and a transmitter located at yo = (0,0,6.5) km ra-
diating a delta-like impulse. Thus we generated the projection data (see Figure 2) by substituting
Ap,(w,s, @) = |v(s) —x| " and Ap(w,s,x,y) = 8(y —yo) |x —y| " in (1):

ot — [lyo — x| + [7v(s) = x|]/co)

Ao (5,8) = dayo (5,8) = dyy (5,1) = / G(x) da. (18)

[7(s) = x|lx = yol

Figure 2. (a) 2D view of the scene reflectivity used in numerical simulations with transmitters located at
yo = (0,0,6.5) km, y; = (22,22,6.5) km, yo = (0,22,6.5) ki, and y5 = (22,0, 6.5) km, and the receiver trajectory
v(s) = (11+11coss, 114 11sins,6.5) km. (b) The projection data of the scene obtained for a single transmitter
located at yo and a receiver traversing v(s).

We assume that the scene is homogeneously illuminated by isotropic transmitters and set Ry = 1.
We present the corresponding reconstructed image in Figure 3. Due to the circular flight trajectories,
all the edges of the target scene radiance are visible. Note that our choice of Ry implicitly assumes
that we have no information about transmitters’ location. Therefore, the reconstructed images are not
corrected with respect to the geometric spreading factor and the scatterers closer to the transmitter
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Figure 3. Reconstructed image by C-FBP for a single non-cooperative transmitter located at y, and a receiver
traversing ~y(s).

appear brighter than those that are farther away from the transmitter. However, when additional
transmitters are placed equidistant from the scatterers this artifact is remedied as shown in Figure 4.b.

We considered four isotropic transmitters located at yo = (0,0,6.5) km, y; = (22,22,6.5) km,
y2 = (0,22,6.5)km and y3 = (22,0,6.5)km. We generated projection data d by adding up the
separately generated projection data for each of the receivers by

d(s,t) = Zdyi(s,t). (19)

Figure 4 shows the projection data and the corresponding reconstruction. The reconstructed scatterers
that are closer to the transmitters are equally bright. The center of the scene, however, is illuminated
with more energy than the single-transmitter case, thus the brightness level of the image is higher.
This is due to the fact that the center of the scene is equidistant from the transmitters.

5. CONCLUSION

We presented a novel image reconstruction method, correlation-filtered backprojection (C-FBP), for a
synthetic-aperture hitchhiker system in the presence of non-cooperative sources of opportunity. Our
numerical simulations suggest that C-FBP can be used in the presence of single and multiple trans-
mitters.

The presented method can also be extended to operate in the presence of mobile sources of oppor-
tunity, clutter and noise. We will report on the performance of the proposed method for these cases in
our future work.
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(b)

Figure 4. The projection data collected over a circular receiver trajectory «(s) due to (a) four transmitters
located at yo, y1, y2 and ys (see Figure 2), and (b) corresponding C-FBP reconstructed image.
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