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ABSTRACT

This paper presents methods for detecting and identifying
moving targets in a Synthetic Aperture Radar (SAR) scene.
An analytical expression is derived for the coherent SAR sig-
nature of a target. SAR system model of a moving target is
developed. These principles are then used to construct a SAR
signal statistic (energy function) in a parameter space which is
defined by the target’s coordinates, speed, and coherent SAR
signature. Stochastic gradient techniques are used to search for
the maximum point of this energy function which is located at
the desired target’s parameters.

I. INTRODUCTION

This paper presents a Fourier-based multidimensional
signal processing framework for high resolution UHF SAR
moving target detection-identification. The dangers en-
countered by Scud missiles in the Gulf War created the
need for developing FOliage PENetrating (FOPEN) SAR
systems that utilize wideband UHF-VHF radars for detec-
tion and identification of concealed stationary and moving
targets.

Our formulation brings out the special role of the tar-
get’s radiation pattern as well as the radar’s radiation
pattern in constructing the SAR signal’s signal subspace,
and its Fourier properties (Section II). This will help us
to develop the Fourier properties of a target’s coherent
SAR signature. This is the key discriminant for detect-
ing and identifying man-made targets with FOPEN UHF
SAR systems.

Next, we examine the effects of target motion in the
SAR system model (Section III). The classical radar prob-
lem of detecting and estimating the range and speed of
a moving target in the one-dimensionalspatial domain is
based on a two-dimensional reconstructed image or am-
biguity function in the (z,v;) domain. The problem that
we encounter in reconnaissance with FOPEN SAR is to
detect and estimate the location and velocity of a mov-
ing target in the two-dimensional (slant-range and cross-
range) domain. One may intuitively rationalize that this
SAR problem requires a four-dimensional reconstructed
image or ambiguity function in the (z,y, vz, vy) domain.
However, whether a target in a SAR scene is stationary
or moving, its relative motion trajectory with respect to
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the radar can be modeled by at most three parameters [7]
that we refer to as the (X, Y, o) parameters in our future
discussion.

Based on this model, we show that a three-dimensional
image of the moving target scene in the (X, Y, @) domain
can be formed via the accurate and fast Fourier-based
SAR reconstruction algorithm (Section IV). The SAR sys-
tem model for moving targets may also be used to develop
a statistic (energy function) from the measured SAR sig-
nal (Section V). Maximizing this energy function in the
target parameter space yields the motion parameters and
coherent SAR signature of a suspected target. Stochastic
gradient techniques is used to search for the maximum
point of the energy function.

II. COHERENT SAR SIGNATURE OF
TARGETS

The type as well as shape of a target determines its
interaction with the radiated radar signal. For instance,
the characteristics of the SAR signature of a man-made
metallic cylinder is quite different from those of a tree
with the same size at low frequencies of the UHF band
[3). This difference is a key feature which can be used to
discriminate a man-made structure from foliage.

Why not use shape information to distinguish targets
tn UHF SAR images? At the UHF frequencies, the reso-
lution of a reconstructed SAR image is poor. In this case,
the SAR magnitude reconstructionof both man-made tar-
gets and foliage (tree trunks) appear as blobs. Thus, there
is not much shape information that may be used as dis-
criminant. A target’s coherent SAR radiation pattern is
the signature that can be used for target detection and
identification in reconnaissance with FOPEN SAR. We
now present a study to quantify the coherent SAR signa-
ture of targets. In our present discussion, the target is
assumed to be stationary.

A target exhibits an amplitude pattern, which con-
tains phase as well as magnitude, when illuminated by
a SAR system [5,6,8]. A target’s amplitude pattern varies
with the radar’s fast-time frequency and aspect angle.
For a radar located at {(0,u) and a target located at
(zn,yn), we denote the target’s amplitude pattern with
an(%n, yn — u,w), where arctan(¥2==) is the target’s as-

Zn
pect angle with respect to the radar’s broadside.
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Coherent SAR signature of the n-th target is its con-
tribution in the total echoed signal from the target scene.
When the radar is located at (0,u) and fast-time fre-
quency w, the coherent SAR signature of the n-th target
can be expressed via the following [6,7]:

hn(Zn, ¥n — 4,w) = 6n(ZTn, ¥n — 4,w) a(Tn,yn — v, w)

-
Amplitude Function (AM)

X exp[—j2k 4 + (yn — u)2] )

-~
Spherical Phase Function (PM)

where a(z,y,w) is the transmit-receive mode amplitude
pattern of the radar antenna.

Based on the Fourier properties of AM-PM signals, we
have the following slow-time Fourier transform for the
transmit-receive mode radar-target radiation pattern:

Flwy [hn(zn, Yn — u,w)]

= A(ku,w) An(ky,w) exp(—jV4k® — k2 T, — jEuyn),
where the target and radar amplitude patterns in the u
and k, domains are related via the following:

an(Tn,yn — u,w) = An [Zk sin 8, (u), w]

a(Tn,yn — v, w) = A[2k sin 8n (), w] ,

where
Yn — U

Tn )
is the n-th target’s aspect angle when the radar is located
at (0, z). Note that the amplitude functions a(-) and A(-)
are scaled transformations of each other, and not Fourier
transform pairs.

0n(u) = arctan(

III. SAR SIGNAL MODEL FOR A
MOVING TARGET

Next, we examine the effect of target motion in the
SAR’s spherical phase function (i.e., phase history). We
denote the speed of the airborne aircraft which carries the
radar with vg. Suppose the velocity vector for the n-th
target is

('U:n, 'Uyn) = (an R, bn VR),
in the spatial (z,y) domain; (an,bn), the target’s relative
velocity with respect to the radar, is unknown. Thus, the
target’s distance from the radar at the slow-time u is

V(Zn + anu)? + [yn + (b — 1)u]?.

In this case, the target’s SAR signature in the (u,w) do-
main is [for notational simplicity, the amplitude patterns
a(-) an(-) and P(w) are suppressed, and (b, — 1) is re-
placed with b,, that is, the motion parameters of a sta-
tionary target is (an, bn) = (0, —1)]

sn(v,w) = exp[ —j2k\/(xn +ant)? + (yn + bnu)? ]

= exp[ ——jZIa:\/'r?l +2(antn + bnyn)u + (a2 + b3)u? ]

(1)
where r, = /22 + 42.

Note that the target’s motion trajectory can be
uniquely identified via three parameters: 75, anTn+bayn,
and a2 + b2. In fact, the generalized SAR/ISAR target
motion trajectory with respect to the radar can be ex-
pressed via the following:

VX2 + (Yo + anu)? = VX2 4 Y2 4+ 2anYnu + aZu?.

Equating this model to the SAR signal in (1) for the n-th
target yields

VXi+YViz=r,
Squint cross — range : nYn = anZn + bnyn

Relative speed : an = \ad + b2

It can be shown that the (X, Y,) is a linear (rotational
and scale) transformation of the (zn, yn); the parameters
of the linear transformation depend on the target’s mo-
tion parameters [7].

Radial range :

IV. THREE-DIMENSIONAL IMAGING IN
(X,Y,a)

The SAR reconstruction of a moving target appears
smeared and shifted if it is treated as a stationary tar-
get [4,9]. However, the moving target’s reconstruction is
focused if the value of its o« is incorporated in the re-
construction algorithm. The SAR detection of a moving
target with an unknown velocity can be formulated as a
three-dimensional imaging in the (X,Y, @) domain. The
three-dimensional reconstruction in the (X,Y, o) domain
is based on the following inversion.

We denote the two-dimensional Fourier transform
of the measured stripmap data, that is, s(u,t), with
S(ku,w). Then, the inverse equation in the spatial fre-
quency domain of (X,Y) for targets with relative speed
ais [7]

F(kx, ky, @) = P*(w) A"(ku,w) S(ku,w)

where

kx = 4k2 — (k—u)2

ol

bl
o

The inverse two-dimensional Fourier transform of this
signal with respect to (kx, ky), that is,

e
M
1]

FXY,0) = FG oy [Plh, kv, )]

is the desired statistic for Moving Target Detection
(MTD) of targets with relative speed a. For this pur-
pose, the computer selects the o value that maximizes
the reconstruction energy at the vicinity of a spatial point
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{(X,Y) domain, call that amax(X,Y). If the maximum
energy is beyond a prescribed threshold, a target is sus-
pected to be at that pixel point. Clearly, it is not feasible
to form the same three-dimensional statistic with Time
Domain Correlator (TDC) [1,2] within a reasonable time
period.

Considering the practical values for the speed of a mov-
ing vehicle on the ground, the values of & that one should
use for the three-dimensional imaging is approximately
within {.75, 1.25]. Moreover, for the parameters that we
encounter in UHF SAR, the sample spacing of A, = .025
can be shown to give a good initial estimate of the relative
speed value of a moving target (i.e., ®max). The resultant
digitally-spotlighted signature can then be used to obtain
a more accurate estimate of the motion parameters.

We injected a realistic UHF SAR database with the
signature of a moving target with « = .8 and (X,Y) =
(525,75) meters. Figure 1 is the SAR reconstruction of
the target scene with @ = 1. The moving target appears
as a smeared and shifted structure at the lower left cor-
ner of the image. The stationary targets and foliage ap-
pear relatively focused in this image. Figure 2 shows the
SAR reconstruction of the target scene with a = .8. The
moving target appears focused at its coordinates that is
(X,Y) = (525,75) meters. The stationary targets and
foliage are smeared in this reconstruction.

V. ENERGY FUNCTION

After incorporating the radar’s and target’s amplitude
patterns in the SAR system model of a moving target,
one obtains

3n(,w) = an(Xn, Yn + au,w) /X2 + (Yo + anu)?

where a,(-) is the product of the two amplitude pat-
terns with the appropriate transformations from (zn,yn)
to (Xn, Yn). The signature of this moving target appears
smeared in the reconstruction f(X,Y,1). In spite of this
fact, this smeared signature appears fairly localized in the
reconstruction (though not focused). This is due to the
fact that the practical values-for the speed of a moving
vehicle on the ground, that is, «, is approximately within
[.75, 1.25]. This is the key for developing the MTD/MTI
processor which is described next.

For a given pixel point (X,Y) in the spatial domain,
the processor extracts (digitally spotlight) the coherent
reconstruction f(X,Y,1) within a neighborhood of that
pixel; the size of the window is related to the radar pa-
rameters and the range of practical a values. The coher-
ent data are then transformed into the SAR signal in the
(2,w) domain via the inverse mapping from the (X,Y)
domain to the (u,w) domain. We denote the resultant
database with sxvy(u,w).

The energy function is defined via the following
matched filtering:

EXY(XTH Yn,an, an) E/ lsxy(uvw) 3;(“y“-‘)|2 du
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The optimization problem is to maximize the energy func-
tion over the variable (Xn,Yn,an), and the amplitude
function a,. In practice, the amplitude function can be
identified via a simple differentiable parametric model.
For instance, the amplitude pattern can be modeled as a
Gaussian function in the u domain; the standard devia-
tion (support band) and location of the Gaussian func-
tion, call them (o, Ur), as well as (Xn, Yn, an) identify
the target’s parameter space.

For certain classes of targets, for example, trucks, the
standard deviation ¢, may be known a priori. Moreover,
the location of the Gaussian function U, can be approxi-
mated with Y;. This is due to the broadside nature of the
radar’s amplitude pattern a(-), and not the target’s amph-
tude pattern an(-). A moving target appears as a squint
structure. In this case, an(-) is likely to be a constant
when the target falls under the radar’s radiation pattern.
The model may also be modified to contain multiple mov-
ing targets and a stationary background (foliage).
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