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ABSTRACT

This paper presents a novel method to determine the
complete velocity vector of a moving target using a sin-
gle Synthetic Aperture Radar (SAR) sensor. The method
exploits the structure of the returned echo from a moving
target: in the slow-time frequency domain, it is a scaled and
shifted replica of the antenna radiation pattern immersed in
Gaussian noise; the scale and the shift are related with the
slant-range and the cross-range velocities, respectively. A
Bayesian approach is then adopted to derive an estimator
for the velocity vector. Simulation results illustrating the
estimator effectiveness are presented.
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1. INTRODUCTION

ground range

Figure 1 shows a typical Synthetic Aperture Radar (SAR)
geometry. As the radar travels at constant velocity in az-
imuth direction (navigation direction), short microwave pulses
are transmitted at regular intervals, and the corresponding
echoes are recorded. High resolution in azimuth is achieved
by synthesizing a large aperture, exploiting the relative mo- a single sensor if the antenna radiation pattern is known.
tion between the platform and the ground. If targets are We show that the returned signal from a moving target, in
moving, the SAR image will show them defocused and/or the slow-time frequency domain, is a scaled and shifted
at wrong positions, depending on their motion direction [1], replica of the antenna radiation pattern immersed in Gaus-
[2]. A moving target in the azimuth direction appear blurred sian noise. A Bayesian approach is taken to derive an opti-
whereas one that moves on the range direction appears mismal estimator of the velocity parameters. By adopting suit-
placed. Several methods have recently been proposed table noninformative prior, the target reflectivity, which is a
detect, image and estimate moving targets trajectory parammuisance parameter, is integrated out.
eters (see for instance [3], [4]). These works have nottaken  The paper is organized as follows: Section 2 considers
into account the antenna radiation pattern, which is equiva- the effects of moving targets on the received data. In Sec-
lent to assuming an omnidirectional antenna radiation pat- tion 3 a Bayesian approach is employed and the maximum
tern. In this case, the so-callétind angle ambiguity limi- aposteriori probability (MAP) is adopted as estimation cri-
tation occurs: unless stereo measures are available, it is noterion. Section 4 presents simulation results illustrating the
possible to determine the complete velocity vector, but only estimator performance.
its magnitude [3].

In this work it is shown that it is possible to infer the
complete velocity vector of a moving target using data from

“THIS WORK WAS SUPPORTED BY PORTUGUESE PRAxIs ~Consider the SAR geometry sketched in Fig. 2, where the
XXI PROGRAM, UNDER PROJECT 2/2.1.TIT/1580/95. radar platform travels at speed in the navigation direc-

Fig. 1. Typical SAR geometry.
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Given that the irradiated field from a planar aperture is [6]

Fig. 2. SAR geometry in the slant-range plane. . . .
A(ky,0) < f(kosin cos ¢, ko sint sin ¢), (6)

wherey and¢ are the angles shown in Fig. 3 afitk ,,, k)

is the Fourier transform of the aperture field computed at
k. = ko siny cos ¢, andk, = ko sin v sin ¢, the following
relation holds, after some algebraic manipulation of equa-
tions (2), (3), and (5):

tion and has an antenna radiation pattermvhich is func-
tion of the observation angle. Consider a single moving
target with constant complex reflectivit,,, coordinates
(zm, ym) When the platform is at positiopn= 0, and speed
vector (vg, vy) = (Umvr, byv,) defined in the slant-plane
(z,y). Vector(un,, bn,) denotes the target relative velocity ) 1

with respect to the radar. When the radar is positioned at ko sin cos ¢ ~ %(ku = 2kfim). )
the coordinateg = u, the corresponding received signal af-

ter quadrature demodulation and in the fast-time frequencyASSUming that the illumination does not exhibit relevant
domain is (see, [4] for details) fluctuations in range direction, one is lead to

1
Sm(u,w) = a(Tm — mW, Ym — Vmtt) X A(ky,0) < f F(k“ —2kpm), 0] . (8)

P(w) fe P4V X0 T —amu®) ) "

Hence, the illumination function in the slow-time frequency

whereP(w) is the Fourier transform of the transmitted sig- domain takes, approximately, the shape of the antenna ra-
nal, k = 27/ is the wavenumber,,, = 1 + by, ap = diation pattern in the cross-range direction. The shape be-

V12, + V2, andX,, andY,, are the so-called generalized comes shifted b@ku,, and is compressed By,,,. The
coordinates for the target motion parameters [5], satisfying Shift depends on the target slant-range velocity and the ex-
pansion depends on the target cross-range velocity. This

result suggests that it is possible to solve the blind angle
ambiguity using a single radar, if the antenna radiation pat-
tern is known.

amYm = mTn + UmYm, (2
rm = V22, +y2, = /X2 + V2. 3

By applying the stationary phase method [3}19(u, w)
with respect ta:, we obtain 3. MOVING TARGETSDETECTION ESTIMATION

AND IMAGING
Sm(kuaw) = P(w)A(ku,B)
T . Assume that there is only a single moving target. The re-
fmefj 4k27(ﬁ) Xme*jﬁy , (4) y g g g

X turned echo is therefore given by

wheref = (i, v,,) denotes the velocity vector parameter, Sk, w) = P(w)A(kw, 0) frne™ 41@2_(5_:;)2)(%_;';—;1@"

A(ky,0) = a(xm — pmu(ky), Ym —vmu(ky)), and (seed] — .
for details) +P(w)A(ky, 00) Z fre IV AR K X ok Yo

@ (Yin — amt) (5) where the first term on the right hand side is due to the

ky, =2k = .
\/Xm + (Yo — anu) moving target and the remaining terms are due to the static




ground. The reflectivity of all targets is assumed to be in-
dependent of the aspect angle. Vedigr = (0,1) is the
velocity vector of a static target.

After pulse compression and phase compensation for
the term due to the moving target (assuming, Y,, and
X, known), in the fast-time spatial domain the received
echo is (see [7] for details)

Se(ky,X) = Rp(X — Xpn)A(ky, 0) frn + A(ky, 00) X

L Xy
S FuBy(X = Xp)e d o ) b (),

Ym

am

(9)

whereR,(X) is the auto-correlation of the emitted pulse.
The Fresnel approximation has been taken in deriving (9).

Expression (9) is the sum of the desired signal, due to a
moving target, and the returns from the static ground, whose
statistics are to be derived.

3.1. Static ground signal statistics

DefineS = [S_n - Sy - -+ Sn]T, whereS; = S(ky,, Xpn),
ku, = 55 AK, fori = =N, ...,0,...,N andAK is the syn-
thetic aperture bandwidth. Define alagf8) = [A_n(0) - - -
Ap(0)--- An(0)] whereA;(0) = A(k,,,0).

Let us assume for a while that the paramétex known.

In this case only the noise term in the expression (9) is ran-
dom. Assuming that the number of static scatterers is large,
none is predominant, and that they are uniformly distributed
within a wavelength, then the complex noise term is circu-
lar symmetric and Gaussian [8]. Therefore, ve@aden-

sity conditioned ta@ and f,,, is p(S| f.,0) = N(ms, C;)
wheremg = E[S] andC; = E[(S — m,)(S — my)].

In work [9] we show thatF[S] = f,,A(0) andC, =
nLE,diag(|[A(00)]:|*), fori = —N, ..., N, wheren is the
mean power per unit of aera, L is the cross-range length,
andE, is the energy of the transmitted pulse in range.

3.2. Bayesian Approach

The joint distribution ofS, f,,, and@ is then given by

1fm |2

o3

e*[sffmA(e)]HCs_l[S*fmA(9)]*
p(S, fm, 0) X

27N |Cq 2702
(11)

Equation (11) can be written as

0'2670 e*(fm*fm)Ho'_2(fm7fm)
p(S,fm,a) S8 27TN|CS|0121 22 ’
(12)
where
o2 = o2+ A0)CIIA(0);
fm = A(®)7C;'So%;
C SHC 'S — |fml|?0 2.
(13)

Sincef,, is a nuisance parameter, we integrated it out. This
poses no problem, since dengit8, f,,,, @) is complex Gaus-
sian onf,,.

As estimation criterion we have adopted the the maxi-
mum aposteriori (MAP). By consideringr, very large, the
MAP estimator foi@ is given by

Orap
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The overall scheme for detection, imaging and trajec-
tory parameter estimation is summarized as follows:

|A(6)C; 'SP

A(B)HC;'A(9) (14)

Ai(0)
Cs(i,1)

We assume that both the components of the target velocity

and the target reflectivity are independent, i.e.,

(0, fm)

Furthermorey,,, andv,,, are assumed to be uniformly dis-
tributed, wheread,, is assumed to be zero-mean, Gaus-
sian complex circular distributed, with varianeg. Writing

fm = pmel?m, this assumption is equivalent to have uni-
form distribution ong,,, and Rayleigh distribution op,,, .

We do not have any prior information about the reflec-
tivity of moving targets. The priop(f,,) should be there-
fore noninformative. This is the case with,, which is uni-
formly distributed. In order to have a noninformative prior
on p,, we take a very large,,.

= P(ttm )PV )P(fim)- (10)

Detect and isolate regions (digital spotlight) which
may contain moving targets;

Estimate the corresponding,, for each moving tar-
get;

Image each target with its corresponding ;

Synthesize each target signature back to the original
(ku,w) domain;

Estimate the velocity componerijs,,, v,,) using equa-
tion (14).

The first four steps are described in [3].



Table 1. Mission parameters used in the simulation.

Parameter Value
Carrier frequency 5GHz
Chirp bandwidth 150MHz

Altitude 10Km
Velocity 300Km/h
Look angle 20°
Antenna radiation pattern rectangular
Oversampling factor 2
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Fig. 4. Slant-range velocity CRLB (square root) and esti-
mation results versus ground returns superposition).

4. SSIMULATION RESULTS

In this section we apply the derived MAP estimator to sim-
ulated data. Table 1 displays the simulation parameters. A

Azimuth speed estimation results
CRLB vs Estimator
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Fig. 5. Cross-range velocity CRLB (square root) and esti-
mation results versus ground returns superposition).

5. CONCLUDING REMARKS

We presented a novel method to determine the complete ve-
locity vector of a moving target using a single SAR sensor.
Basically, we took advantage of the structure of the received
signal: it is approximately a shifted and compressed ver-
sion of the antenna radiation pattern. Each of these effects
is mainly due to an orthogonal component of the velocity
vector.

The algorithm is composed of two main parts: in the
first part, the magnitude of the velocity targets is determined
using the methodology proposed i;[in the second part,
the blind angle ambiguity is solved by adopting a Bayesian
approach to derive an estimator for the complete velocity
vector.

As estimation criterion, we adopted the maximum a pos-
teriori probability. The estimator performance was illus-

rectangular antenna shape has been used. In [10] we shovfated by using simulated data. We concluded that for a typ-
that this shape leads to much better results than, for exam-c@l airborne scenario using a C-band radar asth\alt =

ple, a Gaussian one.

Figures 4 and 5 plot the square root of the sample mean
square error and the CramRao lower bound (CRLB) rel-
ative to density (S| f., @), both as function of the percent-
age of superposition between the spectrum support of the
static targets and of the moving target. The superposition
is defined a§K, — kun|/K,, whereK, is the -3dB an-
tenna bandwidth. The signal to noise ratfy\R) was set
to |fm|?/n=1(SNR = 0dB).

Comparing Fig.’s 4 and 5, we readily conclude that stan-
dard deviation of the slant-range velocity estimate is much
lower than the standard deviation of the cross-range veloc-

ity estimate ; for the selected parameters, the former takes [3]
values close to 0.01, whereas the latter takes values close

to 1. This is a consequence of the much higher sensitiv-
ity of A(ky,u,v) to u than tov. However, even the low
SNR= 0dB, the quality of the azimuth velocity estimates is
acceptable for many purposes.

0dB, the the standard deviation of the range velocity takes
values close to 0.01, whereas the standard deviation of the
azimuth velocity takes values close to 1.
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