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Theory of Synthetic Aperture Radar Imaging
of a Moving Target

Jen King JapMember, IEEE

Abstract—Two novel image processing techniques have beenthat is sometimes impractical to fuffill. The alternative is to
developed to refocus a moving target image from its smeared extend the traditional synthetic aperture radar (SAR) approach
response in the synthetic aperture radar (SAR) image which ¢ moying target detection and imaging. The airborne SAR

is focused on the stationary ground. Both approaches may be | diff tsi | . diom to'i
implemented with efficient fast Fourier transform (FFT) routines employs a very dilrerent signal processing paradigm to improve

to process the Fourier spatial spectrum of the image data. The the target-to-clutter contrast. The SAR integrates in a long
first approach utilizes a matched target filter that is derived coherent pulse interval (CPI) over a large signal bandwidth
from the signal history along the range-Doppler migration path  and synthesizes a long synthetic aperture along the radar flight
mapped onto the SAR image from the moving target trajectory in track in order to form a high-resolution SAR image of the

real space. The coherent spatial filter is specified by the apparent . . .
target range in the image and the magnitude of the relative ground without the need of a long antenna in the azimuth

target-to-radar velocity. The second approach eliminates the dimension. Thus, radar target signal gain is enhanced while
range-dependence by reconstructing the moving target image the strength of the ground backscatter is reduced through the
from a spectral function that is obtained from the SAR image data  reduction of the ground clutter cell area. The increasing radar
spectrum via a spatial frequency coordinate transformation. sensitivity is gained at the expense of longer coherent dwell
time or, eventually, slower area coverage rate. One shortcoming

. INTRODUCTION of the conventional SAR approach, from the perspective of the

IRBORNE radar detection of moving targets on thaoving target detection, lies in its image processing that, by

ground has been a subject of long-standing intere§€sign, focuses on a stationary target scene [4]-[6]; a moving
Moving target detection is usually accomplished by enhancif@9et appears in the image unfocused or smeared with a
the contrast between the target Doppler signature and ffsiderable loss of the target-to-clutter ratio. _
competing ground clutter returns via Doppler filtering or by Reécent advances in the ultrawideband (UWB) SAR, partic-
applying the displaced phase center antenna (DPCA) and yjarly for the foliage and grpund penetration applications, ha_s
modern extension, the space-time adaptive processing (S-Dgpwo_nstrated both the required radar t_echn_ology and processing
techniques [1]-[3] for clutter cancellation. While these cluttdechniques necessary to support the imaging resolution on the
suppression techniques are generally effective in improvifgder of one radar wavelengthor better [7]-[16]. In a typ-
the detectability of a fast target, the detection of a slow targégl situation, a large number of broad-band pulses are trans-
remains a very challenging endeavor. As the target radfgitted and the signals back;catte_red from a groupd target are
velocity along the radar line-of-sight (LOS) slows down angathered over a Iong'radar flight time interval or distance that
the target Doppler diminishes, the target signal will eventualjfay span a large azimuth angldooking from the radar to-
be masked by the strong “mainbeam” ground clutter spectruW@rd the intended t_arget. The matcheq filtering operation, such
Although either STAP or DPCA technique, supported by @S Pulse compression, over the large signal bandwiidtesults
multichannel receiver system and a receiving antenna of mifl- high range resolution, on the orderg®.5, c being the
tiple phase centers, may in principle cancel both sidelobe a#feed of light. Whereas a high cross range resolution, on the
mainbeam clutter, nevertheless, it is difficult to achieve higprder ofA/26, is realized by integrating all the target pulse re-
clutter cancellation close to the “DC” clutter at zero Doppleins collected within the radar look angiecorresponding to
without suppressing at the same time the target signal as wHlg Synthetic radar apertuie. However, because of the long
Because the clutter bandwidth is roughly proportional to bofiynthetic radar aperture length, or correspondingly, the large in-
the radar platform speed and the radar antenna beamwidggration angle and the long CPI, the process of cross range data
the detection of a slower ground mover at a small minimufPMpression or target focusing requires precise compensation
discernible velocity (MDV) fundamentally requires a |ong°f the aircraft motion, the target range-Doppler migration, and

antenna or a narrow azimuthal beamwidth, a requiremdRg Phase curvature due to the spherical propagation path of the
target echoes [4]-[6]. Henceforth, an SAR processing scheme
that is designed to form a high-resolution image of a stationary
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so will their respective signal phase histories over the radar CPI. | . o e Intensity @By 2 0
This dissimilarity results in the smearing of the moving target -
signature in the SAR image focused on a stationary scene.

In an SAR stationary ground image, a moving target appears
to be relocated in cross range due to the radial range velocity
and defocused due to both the along-track velocity and the
radial range acceleration [17]. Several SAR moving target
imaging approaches have been proposed in previous investiga: _
tions [18]-[25]. These approaches generally attempt to estimate &
the motion parameters from the SAR target data and then, basec
on the estimated parameters and a signal model, compensat, _|
the quadratic and higher order target phase observed in the: '4
video phase history data in order to focus a moving target.
Unfortunately, it is often difficult to accurately estimate the
parameters of an unfocused target due to insufficient contrast gc
between the target and the strong clutter background. It has %
been suggested that better target parameter estimation accuracg
may be achieved by forming a sequence of subaperture images™ S - - - o
as a moving target is expected to be only moderately defocused Cross Range (m)
in a subaperture image. However, the validity of this proposi-
tion remains to be proven in practice. Of course, optimal targdg- 1. Example of the P3 SAR image.
detection and parameter estimation, as two aspects of the same
matched filtering process, are not truly separable. In principlgyry. Therefore, by understanding the target image response and
the moving target imaging, filtering, detection, and estimatidgs parametric dependence on the motion parameters, it should
may be formulated as a process to test multiple hypotheseshefpossible to reconstruct the target signal via proper deconvolu-
various target motion parameters. Realistically, this formulatiaion. Indeed, it will be shown in this paper that the target migra-
is impractical since the number of possible motion hypothesgsn path can be predicted from the target motion parameters.
may be too large. Even for a simple rectillinear motion, @he phase history along the migration path in the SAR image
unique target state must be specified by both its initial positiatill be used to define a matched filter to refocus the moving
and the velocity vectors; thus, without any prior knowledge a@&rgetimage. One surprising result emerging from the following
the target state, the parameter search must be conducted émalysis is that, other than the apparent target range in the image,
four-dimensional space. the matched filter is uniquely specified by the magnitude of the

The following sections present the theory of SAR imagingelative target-to-radar velocity or speed. Further, the matched
for moving target focusing. Immediately following a short exfilter can be extended into a fast Fourier transform (FFT)-based
position of the SAR imaging formation via backprojection, thprocessing scheme that eliminates the parametric dependence
inverse filtering process of moving target focusing will be exan the target range. This spectral processing scheme focuses the
plained in three key conceptual steps that are graphically illusrget image via the inverse Fourier transform of a spectral func-
trated by three panels in Fig. 1. The first step is to developtian that is created by interpolating the SAR image data spec-
model to predict the target migration path that is essentiallytiaum in a new coordinate grid [26]-[28]. Consequently, the pa-
mapping of the moving target trajectory in real space onto tih@meter search space required for moving target processing be-
SAR image domain as shown by the image data exampledomes one-dimensional (1-D). The filter bank required in prac-
Fig. 1(a). The second step, illustrated in Fig. 1(b), is to define ttiee to focus a prospective moving target needs to cover only the
image phase structure along the target migration path; the targgbected range of the relative target-to-radar speed.
phase response is subsequently used to define a moving targéthe SAR image in Fig. 1(a) is focused on the stationary
image filter. The third step explains two different spectral dgground. The image, plotted in the cross range and the slant
main implementations of refocusing a moving target with ormange coordinate plane, is processed from the US Navy/P-3
resulting example shown in Fig. 1(c).In this paper, a new apWB radar data gathered over a bandwidth of 515 MHz from
proach of moving target imaging is proposed and analyzed. 2%5 to 730 MHz. The SAR integration angle is close t¢ 30
opposed to previous investigations, this new approach rec¢bd] and given the image slant range of more than 5000 m and
structs the moving target signature by processing the SAR imabe aircraft speed of about 130 m/s, the coherent integration
instead of video data. Treating the SAR image as the outputthe is approximately 20 s, The image range and cross range
a filter, one may regard the image response to a moving targétel spacing, respectively sampled at 0.235 and 0.4 m, is finer
as the convolution of the target signal and the SAR point spretiin the nominal SAR image resolution @B3 x 0.66 m).
function matched to the signal of a stationary point object ddlearly, adequate aircraft motion compensation is critical and
the ground. While the initial SAR processing may not take intmust be properly applied to radar data processing so as to
account the target movement and, as a consequence, resultibtain the diffraction-limited image resolution comparable to
blurred targetimage, nonetheless, the image is expected to rethradar center wavelength of about 0.6 m. Fortunately, motion
all pertinent information that characterizes the target motion hissmpensation with sufficient accuracy over a long radar flight
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one may write the sample signabs
_ b(7, r) . 2
g(t, 7, r) = m exp [J27r10 <t - R(r, r))}

X p, <t =% R, r)>

R(r, r) =r —q(r)]. 1)

Here, the slowly varying?(r, r) stands for the slant range of
y the radar LOS frony(r) to r. The amplitude variablé(r, r)
, lumps together all the effects, other than spherical propagation,
Ha=ry+ v that may affect the signal amplitude due to variation in the target
backscatter, antenna gain, etc. Although in a realistic situation
b(r, r) may fluctuate as the relative radar and target positions
change in timer, neverthelesdi(r, r) will be taken as a non-
fluctuating and nondispersive constarthroughout this paper
as this assumption will not affect the validity of the following
target imaging analysis.
path or integration time is practically feasible as the ultrahigh |n the SAR image formation process, the respofige) at
frequency SAR is more tolerant of motion-induced errors. Thg image poinp = (p., p,) is obtained by integrating all the
depicted image 064 x 256 pixels shows the image responseadar signal samplegt, 7, r) overr € [T, 1}] after proper
to a moving truck-sized vehicle close to the top center witbmpensation of the time-deldg/c)|p — q(7)|. For a pulsed
its broadside nearly facing the radar. The vehicle moves at thgiar, the integration sums up a discrete number of signal sam-
approximate speed of 7 m/s toward the opposite radar headiigs, but for reason of clarity, an equivalent, continuous back-
direction. As expected, the unfocused signature of the movipgbjection formulation [6] will be adopted. In this treatment, the

truck, smeared over a curvilinear path in the image, beaaR image point spread functiof(p), normalized to have a
little resemblance to that of a small target. Thus, the imaggaximum unity amplitude, may be written as
processing task at hand is to reconstruct the unfocused moving

Fig. 2. SAR imaging geometry.

target signature into a focused target image. f(p) =C h g <2|p a7 r) dr
7, c s b
Il. SAR IMAGE FORMATION Ty b(r,r)

In this section, the SAR imaging process is analyzed for the /() = C/TO R%(r,r)
strip-map geometry shown in Fig. 2. However, it is worthwhile .
to point out that the ensuing analysis and results are equally x exp (j2ko([p — ()] — fr —q(r)]))
applicable to the spotlight SAR imaging geometry. 2

In Fig. 2, the ground plane is defined by two Cartesian unit xpe | C(p—al)l —fr—a(n)]) ) dr
vectors,x andy, and its surface normal by. The radar air- 1
craft’s flight path, following the heading alorkg is represented o Bop(rr) d 5
by the position vectoe(7). The variabler is the “slow time” - 1, R(r,r) o )

that marks the time of radar pulse emission within the SAR
flight time interval[Tg, T1]. In addition, the notationsy, A\ = It is obvious from this equation that, given a single stationary
c/1y, andky = 2w /Mg = 2w /c will be used to denote the point scatterer at, the peak response gf(p) occurs at the
radar center frequency and the corresponding wavelength d@chtionp = r that coincides with that of the scatterer. However,
wavenumber. In order to simplify the definition of the radathe response of(p) to a moving scatterer requires more careful
signal phase history betweéf,, 77|, the radar positior(7) deliberation.

will be assumed to be frozen during each time instaoit pulse

transmission and reception. Under this circumstance, the radar [Il. M OVING TARGET IMAGE RESPONSE

pulse with an instantaneous bandwidthabout:y is trans- Consider now the case of the radar and a ground target

mitted,_ backscattered from a single_ ground_ point scattererrf%ving at the respectively constant but different velooity,
r, received, and processed by a typical chain of RF downcoaﬂi v+, along two different trajectorieg(r) andr() ’
version, IF bandpass filtering, range compression via matche '

filtering, video quadrature demodulation, and digital sampling q(T) =qo + Var
above the Nyquist raté/B at multiple “fast time” instants.
This process yields a complex signal samygle 7, r) as afunc- r(7) =ro + V7.

tion of r, 7, and¢ corresponding to the slant range’2. Using s
a range spread functign. to represent the output of the range
compression filter with a range resolution on the order/@f3, ro =70y- (€))
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Without losing generality, the coordinate frame as shown By multiplying both sides of (6) witlz/, it is clear that this ex-

Fig. 2 will be assumed to have been suitably arranged such thegssion equates the target Doppler (on the right side) observed
the coordinates of two reference poingg,for the aircraft flight by the radar to the Doppler shift of the ground pgit(on the
pathq(7) andr, for the target trajectory(r), will both lie left side). At the time instant, the target position will be trans-

in the samey, z) plane. These vectors along with the relativéated to one point on the ground Doppler isodop corresponding
target-to-radar slant range vectdRy,7) andR,, and the target to the target Doppler shift. Similarly, the second condition
velocity relative to the radar are explicitly defined as

lp: —a(7)| = [r(r) — q(7)]. @)
() =r(r) —alr) ot vT projects the target to a ground pojston the circular iso-range
Ro=r9—qo =70y — H2 contour relative to the radar. Therefore, the intersection of the
Doppler isodop and iso-range contour, determined from the cor-
V =V¢ — V. (4) recttarget Doppler and range, will map the target position

onto a unique image poind;.
Substitutingr in (2) with r(7), the SAR image respons&p) With some algebraic manipulations and using the notations

to a moving point target now becomes defined in (4)—(7) and the parameter
2
T b(r,x) a=1—28  gu=|vd, v=|v] 8)
— 27 a — al» -
R o v

. the target migration path is parametrically obtained as
x exp (j2ko(lp — q(7)| = |r(7) — a(7)]))

9 -, Uy av2T
<o (200 -a@l- b —a@h) dr ©) TS T T
2g —R2_ 2T _ 0411272, Ro = +/72 + H? 9
Because of the time varying target positiofr), (5) will not P 0 Pra 0 0 ®)

produce a focused moving target image at a single image pqifterms of the cross range, = p; - X, the ground rangg;, =
p = ro unless the aircraft motion relative to the target be pro%— %, and the slant range., = . /p2, + H? of the image point
t Y fs — ty

erly compensated by replacifg— q(r)| with [p—q(7)+v:7|. '
In fact, the above imaging response projects the rectilinear targ‘éf as well as the ground range component of the relative target
t

trajectoryr(7) in the real space onto a curvilinear curve in th elocityv, =v- Y By eliminating the slo_w-t|me parameter .
SAR image. e above expressions can be converted into a quadratic equation

that specifies the moving target migration trajectory in the SAR
image as
IV. MOVING TARGET MIGRATION

The curvilinear migration path in the SAR image can be de-
termined as the sequence of the image pgipthat maximizes
the responsg(p) of (5) to the target backscatter moving along

the trajectoryr(7). Intuitively, one may regarg, as the focal {RQ ( vy>2} 1/2
P

1 1/2
Dts = |:R§ - (ptac - Rc)2:|
&
, , U? 1/2
point of the subaperture target image integrated over a very!® o H™ 419 <1 - ﬁ)]
small but finite time intervalT,, T3] C [Ty, 73] containing the
time instantr . The trace ofp; is generated by progressively R, = — U”'Zy. (10)
sliding[7Z,, T;] over the entire SAR apertufé&,, 71]. The local v
maximum of f(p) occurs at the poinp = p, under two condi- Note from (10) that the apparent slant radgyeof the target or
tions: 1) the phase of the exponential term in (5) becomes sfige apex of the conic migration curve in the image is less than
tionary, and 2) the argument of the range spread fungtiofan- - the true target rangé,; the discrepancy varies witlov, /|
ishes. A similar relation also holds between the apparent and the true
The first stationary phase condition [29, p. 76], valid undejround range, of the target. In addition, there is an apparent

the circumstance that the slant range of the image area is myggss range displacemeft equal to—rovavy/v?. Because of
larger than the wavelength requires the following derivative the Doppler shift due te-v,, the cross range of the reference

to vanish atp;: point R, moves either forward or backward in the image for,
J respectively, an approaching,( < 0) or departing ¢, > 0)
_ target.
2 — —Ir(r) — =0
dr (Ip = a(m)] = Ir(r) = a(m)}) P=p The moving target trajectory is either elliptical for a positive

« or hyperbolic for a negative; the sign ofa: depends on the
or explicitly ratio of the relative target speedand the radar aircraft speed
v,. For an in-bound target approaching the radais larger
—q(r) - [pr —aq(m)] [r(r)—al(r)]-[r(r) —a(r)] thanv, and « is positive. Consequently, the target migration
= . (6) ; : ;
Ip: — q(7)] lr(7) — q(7)] path is a convex downward ellipse as the curve illustrated by
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10040 (R., R,).Using an overbar to represent a vector in this new co-
10030 ordinate frame
E 10020
E" 10010 Receding target / P =P — Ppo,
é velodity: (10, 2) m/sec ~
T 10000 S P; =Pt — Po, po = (R, R;) (12)
2 - T~
S 9990 -
3 Approaching target N . . . . .
9980 velocity: (10, -2) m/se the moving target image vectpy is now governed by a simpli-
0970 fied functional relationship,, = T(5,,; R, v) between the
7 . . .
Radar velocity: 150 m/séc differential slant rang@,, and cross rangg,,, coordinates
9960
-300 =200 -100 0 100 200 300
Cross Range (m) ) ﬁtQ 1/2
— — ZX
Dis = T(Dyy; Rs, v) = [RS - —} — R,. (13)
Fig. 3. Target migration paths in the SAR image. The solid curve is for an @

approaching and the dashed curve is for an advancing target.
From the above migration trajectory, the moving target image

Fig. 1(a). Conversely, for an out-bound target departing frolfiPulse responseh(p; R, v) and its Fourier spectrum
the radar,v is less thanv, and a becomes negative. In thisH(k; Es, v) can be represented by

case the target migration curve is a concave upward hyperbola.

These two situations are graphically illustrated by Fig. 3. In thish(p; R, v) =6(p — P;) exp(j2vkop:s)

figure, two target migration plots are shown in the cross range
and the ground range coordinate plafs, andp,,). The as-
sumed radar speed is 150 m/s moving in the directiab, afind RO R 4

the target reference ground rangegs= 10y km. Two cases are H(k; Ry, v) = /_Oo /_Oo h(p; R, v) exp(—sk - P) dp
depicted: the target velocity for the first caserjs= —10x— 2y

/35 =ks — 2’71{;0

m/s, and the second is = 10% + 2§ m/s. = exp(j27koR;)
12(7 -
V. TARGET IMAGE SIGNAL AND SPECTRUM % /,Oo VI+T%(p; Rs, v)
Along the target trajectory,, the complex image signal X exp (—JkeDry — JBsT(Prr; Rs, v)) dPyy-
amplitude f(p:) is equal to unity under the equal Doppler (14)

and range constraints of (6) and (7). This is obtained from (5)
by ignoring the scattering amplitude fluctuatiétr, r) over
(Ty, T1) and the slowly varying range dependengd*(r, r)
of the target signal. Howevef(p;) may generally be modeled
as

Here,k = (k., k;) denotes the image cross range and slant
range angular frequency vector. The derivat/ép,.; R, v)
with respect tap,,, is the slope of the target migration curve.
Applying the method of stationary phase [29, p. 76] to the above
F(pr) = exp(j2vkopes); N =0, +1. (11) edquation,H(k; R, v) can be shown to be
Here, the choice of the value is implementation-specific butH(k; R,, v) =C(k)
needs to be consistent with the SAR mechanization and image
focusing scheme. The presence or absence of the range-depen- X exp (j ks By —jsign(8s)/ ak2 + /35235)
dent “carrier phase” fact@%yps depends on whether this factor

(20l (B3+52) " R

in the target video phase history is retained in the SAR cross s i ion(af
range focusing operation and the sigmofeflects the relative (k) = (ak2+32)3/+ eXp("Z Slgn(a[s))'
phase of SAR video quadrature signals. For the P-3 radar data (15)

example illustrated in Fig. 1(b2kop:s is used to represent the
image phase data. Itis evident from this figure that the predict?ﬂ
phase progression along the target migration path, plotted as IH

solid curve, corroborates the experimental data, plotted as & moving target focusing filter. Note that batip; &, )

marked curve. . . . . _andH (k; R,, v) are functions ofR, andw.
By knowing the moving target migration trajectory and its

signal phase structure along the path, it becomes possible to
refocus the blurred target image and to reconstruct its signa-
ture. The process involves the construction of a moving targetKknowing the SAR image response of a moving target, the

signal template followed by its convolution with the SAR imagenoving target signature can now be focused onto the image po-
data. For this purpose, consider again the same equation (1%ition py = (R., R.) as f:(po) by applying a range-variant

a new reference frame by translating the origin of the imadjer. This task is accomplished by carrying out the spatial con-

cross range and slant range coordinates (p.., ps) topp = volution of the target impulse response with the SAR image data

e exponential factor in the above expression specifies the
se structure of the target spectrum that is the key to define

VI. MOVING TARGET FOCUSING
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Moving target plus a __—)i SAR video phase history I Moymg target plus a __)i SAR video phase history |
stationary ground scene ¢ stationary ground scene i

Focused SAR image Focused SAR image
data of the ground data of the ground
Target hypotheses:
apparent range R, and relative l i
target-to-radar speed (v = |v|) DD FFT image data spectrum F (’il

2D FFT image data spectrum F(k)

A

Conjugate moving target Coordinate transformation:
spectrum Hik ; R, v)" Target hypotheses: relative k=K,
target-to-radar speed (v = |[v|) k, = 2yk, + sign(K, (K, — ¢ K2)'?
k=(k, k) K=(K,K)
Focused moving Inverse 2D FFT of the filtered L
target image spectrum F(k)H(k ; R,v)"

. . Inverse 2D FFT of the image
Focused moving target image «€=— spectrum F(K) ~ F(k)

Fig. 4. SAR image filtering for moving target refocusing.

. . . . Fig. 5. Moving target focusing via image spectral data processing.
f(p) or, alternatively, by performing the inverse Fourier trans-

form of the SAR image data spectrufitk) filtered by the con- and (16) as
jugated target signal spectruf* (k; R, v)

1 o> o> o> o>
ft(po) = / / f(p)h"(p — po; Rs, v)dp (K) (2m) /—oo /—oo /—oo /_oo (k)
[ « H' (K By, v) exp (j(k ~ K) - po) dpo di
= || FwH s R ~ [T [ ewortosus - k)
x exp(jk - po) dk. (16) T

x & (K,, — sign(fs)/akZ + /33) dk.  (18)
Clearly, the filtering process can be efficiently implemented

with the FFT operations as illustrated by the block diagram ifhus, /1 (X) can be calculated by interpolating the image data
Fig. 4. Using this processing paradigm, the result of one movisgectrumZ'(k) according to the following coordinate transfor-
target imaging example is shown in Fig. 1(c). This panel desation betweek = (k,, k,) andK = (K, K,.)

picts the spatial-filtered output by applying the matched target
spectrum of (15) to the input SAR image data. Notice that the _ak2+p2 B
moving target has been refocused from its smeared counterpart t(K) = Cr(k)F(k), for Ko =k,

|8s |
in Fig. 1(a). .
Because of the range dependence of the focusing filter, in K, =sign(8;) v aki + 57 or
principle, one must replac&; in H(k; R,, v) by an appro- ks = 2vko + sign(K,,)\/m. (19)

priate range parameter in order to focus a prospective target lo-

fr? ted atadﬁferept posngg;—:ov:}eyer, tturns outlthgt, S'lm"ardt'Phe FFT implementation of the above range-invariant spectral
€ range migration or echnique previously develope processing scheme from (17)—(19) is further explained in Fig. 5.

for the SAR image formation [26]-[28], a range-invariant pro- As a practical matter, one often needs to apply a phase

cedure may be formulateq o eliminate the range-depen(_je%?rection to both the data and the image spectra should the
.Of the gbove Process. In this approach,the focused t.arget m %ular FFT be used in the spectral computation. The data
Is obtained as the Inverse Fourier tran.sfqrm of t.he image d ctrumf'(k) is actually the product of the exponential factor
spectrumF'(k), provided the spectrum is first projected onto a, (—jks Run) and the FFT of a finite SAR image pat¢tip)

different spatial frequency coordinate system. This process {fiat covers a range swath starting from a minimum slant range
quires spectral interpolation or a coordinate transformation Silﬁ

ilar to the Stolt t ¢ i loved by thé techni min larger than zero. Similarly, the resulting image spectrum
flar to the Stolt transformation employed by tae technique. — p qey myst he multiplied by the factaxp(j K, Ry ) before
In this context, one may computé(po) as the inverse

. . , >~ the inverse FFT to generate the moving target image. Including
Fourier transform .Of the spectral functioii(K) defined in these corrections and using the same coordinate transformation
term of a new spatial frequency veclisr = (K,., K,.)

for k, and K., (19) is now replaced by
1 oo oo
= K - Voki+ 3 .
oo = s [ [ FIOSRUK B (D) g, i) = R k)

By ignoring the slowly varing dependence®fk) on the range x exp(—j ksBumin + J Ky Runin) F (Ko, ks ).
variableR,, F;(K) may be approximately obtained from (15) (20)
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It is interesting to note that, in the new spectral coordinate = 1

(K4, K.), the moving target image spectrum is the.product 08 jp1} Clutter data set:

the transformed SAR image data spectrum and a filter transfe_, 1.35 million samples

. . . . e 5 2

function; the latter has a spectral response similar to (15). g 10° over 0.127 km Distribution for a
=2 .. SAR clutter scene
8 10° Gonssi

VIIl. DISCUSSION £ ausstan
- 10+ clutter
In the preceding section, a coherent spatial filter has beeE

defined that may be used to process the SAR image of a st 10° Clutter distribution after

tionary scene to refocus the moving target image. Conventiong 106 moving target filtering .

SAR image formation is designed to focus a stationary targe 20 10 0 10 20 30

by sampling and compensating the quadratic and higher ord Relative Clutter Cross Section (above Mean, dB)

target phase curvature over the synthetic aperture. The mis- o _ o
match between the stationary target focusing process and Iﬂge& Clutter distributions before and after moving target filtering.
target motion defocuses and smears the moving target image
response along a curvilinear trajectory, a phenomenon reminigithin its expected range. If the search ranges & consider-
cent of the well-known target range walk or migration in thably reduced so is the complexity of the spatial filter design and
SAR video history data prior to image focusing. However, thiae resulting processing load of the filtering operations. In other
SAR image retains all the information about the target motionjords, to focus a single moving target onto its apparent image
consequently, a smeared moving target can be refocusedpogition(R., R;), it will be sufficient to utilize 1-D filter bank
deconvolving the SAR image data. Indeed, given the rectilineiat covers the expected range of the speed variation.
target movement at a constant velocity, the preceding The spatial filter bank may be simultaneously used for target
analysis predicts a conic migration trajectory in the SAR imagietection and target motion parameter estimation. Out of the
via the range-Doppler mapping. The image migration pathultiple filters parametrically indexed by, the moving target
with its apex located at the apparent target rafigeis either image response relative to the stationary ground clutter back-
a concave-downward ellipse or convex-upward hyperbolground is maximized by the filter best matched to the correct
depending, respectively, on whether the ratio between tlaget speed. It is also evident that the target parameter esti-
radar aircraft speed, = |v,| and the relative target-to-radarmation via the proposed target focusing operation will be am-
speedv = |v; — v,| is smaller or larger than unity. Along thebiguous. This is attributed to the same dependence of the target
migration trajectory, the moving target image signal is chafilter on the apparent rangR, and the speed instead of the
acterized by a modulation factexp(2j~vkop:s), v = 0, £1  related vector counterpants andv. A reduction in the dimen-
with a linear slant range dependent phase. This characterizaimality of the target parameter search space from four to two or
faithfully captures the image phase structure of a moving objemte also introduces the ambiguity in estimating the target vector
that enables the construction of a useful target filter from thpwsition and velocity.
image impulse response of (14) and its spectrum of (15). Due to the enhanced target image signal-to-clutter ratio after
The spatial filtering approach clearly has the benefit of comefocusing, moving target detection performance will be im-
putational efficiency due to the readily available FFT routing@roved in the subsequent thresholding operation applied to all
Using the exact range-variant focusing filter, the pair of pararthe filtered outputs. The filter with the output target image in-
eters,R,; anda, must be matched to those of the intended targagnsity that exceeds the detection threshold not only indicates
Otherwise, the deviation from the target truth will result in #he target presence but also provides the best estimate of the
mismatched filter that may not properly focus the target imaggrget parameters. The target detectability is expected to be en-
The required accuracy and sensitivity in selecting appropridtanced for two reasons. The signal strength of a refocused target
parameters for target focusing will be radar and target specifis.expected to increase due to the coherent integration gain.
It is conceivable that, in the general case, a bank of filters spaieanwhile, stationary targets such as discrete clutter backscat-
ning a suitable range af must be used to process one crosrers will be blurred at the output of a moving target filter. As
range slice of the image data at a different raigje Also, it a result, the moving target filter will suppress the clutter am-
has been shown that the range-variant filtering may be replaggifude fluctuation due to strong clutter discretes and increase
by a range-invariant processing scheme. The latter processthe-target-to-clutter contrast. This desirable clutter-quenching
complishes the moving target focusing in three sequential stegffect is illustrated by Fig. 6. In this figure, the clutter distribu-
including a Fourier transform of the SAR image data, a mapien of a tree patch is plotted in terms of the exceedance proba-
ping of the data spectrum onto different spatial frequency codaility versus the clutter cross section above its mean level on the
dinates, and an inverse Fourier transform of the new interpolaigetibel scale. The distribution of the unfiltered SAR image in-
image spectrum. tensity is plotted as the dotted curve. The data setincludes about
The fact that the moving target focusing process is paramé&t35 million SAR image samples covering an area of approxi-
rically dependent on only a single parameteor v has im- mately 0.127 k. The SAR pixel spacings and resolutions are
portant implications. In many realistic scenarios, prior knowldentical to those cited for Fig. 1. The filtered clutter distribu-
edge ofv may not always be available, consequently, a practidédn is plotted in the thick solid line. Here, the moving target
target-focusing solution is to adopt and test multiple values offilter is defined by the same parameters used to focus the moving
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target example shown in Fig. 1. For convenient comparison, theAlthough this paper does not explicitly address issues related

exponential intensity distribution applicable to a homogeneotes moving target detection, estimation, and classification, it is

clutter patch is also plotted in a thin solid line. In this clutter exglear that these and the imaging processes are not entirely sepa-

ample, the suppression of the filtered clutter fluctuation is quitable. The ability to image a moving target will not only enhance

obvious. the target-to-clutter ratio but also improve the performance of
the former, aforementioned processes.

VIIl. CONCLUSION

. . . . . ACKNOWLEDGMENT
In this paper, a novel moving target imaging technique has

been developed. The new approach reconstructs the movinghe author acknowledges helpful discussions with A. Yegu-
target signature by applying the exact spatial correlation Riip on the SAR backprojection image formation process. The
matched filtering solution to process the SAR image insteageasurement data example cited in the paper was extracted from
of its raw video data. The contribution of this paper lies in thene P-3 SAR experimental data set. Many people, including M.
identification of the moving target response in the SAR imageups, L. Bessette, and J. Tsay, have been involved in the prepa-

domain and the corresponding spatial spectrum that lead to théon of the data set.

explicit formulation of the image filtering processes.

The filtering process essentially refocuses a moving target
from its blurred SAR image signature along a curvilinear mi-
gration path. It has been shown that, the target migration cari]
be predicted via the range-Doppler mapping that projects the
target location in the real space to its corresponding position in[Z]
the SAR image. The predictable target migration trajectory in[3]
the SAR image leads to a moving target signal model that is
subsequently used to formulate the target focusing filter. It is[4
shown in the above analysis that the target spectrum captures
the target motion effects through two dependent variables, thdS]
apparent target reference ranig and the parameter; given
the aircraft speed,, « is uniquely determined by the magni-
tude of the relative target-to-radar velocity= |v/|.

Thus, a moving target can be focused onto an apparent imagg]
positionpy = (R, Rs) by convolving the range-variant im-
pulse response function with the SAR image data. The same
result also can be obtained by performing the efficient FFT fil-
tering of the SAR image data spectrum using a filter transfer
function equal to the complex conjugate of the range-dependent!]
target spectrum. Given a pair of parametés and v, both
methods supply the exact moving target focusing solution. Thus,
the implementation of the above focusing procedures involveg9l
the design of multiple filters based on the hypothetical values
of R, andv on a two-dimensional grid. The density or the
number of the parametric hypotheses will depend on the radar-
target parameters, the required accuracy, and the quality of tl%ll
targetimage signature. Interestingly, the moving target focusing
also may be accomplished by applying a range-invariant spe¢t?
tral process that eliminates the range dependence of the above
matched filtering process. This processing technique is sim-
ilar to the conventional range migration approach in the SAR3]
image formation. The preceding analysis shows that the focused
moving targetimage is the inverse Fourier transform of the SAR14]
image data spectrum, provided a curvilinear transformation is
first applied to the spatial frequency coordinates. [15]

In this paper, the coherent spatial filtering scheme is demon-
strated with efficient FFT implementation. The application of
the proposed moving target imaging approach to limited meap )
surement data sets has been very successful. By applying a suit-
able target filter in the form of (15), the smeared target in the[m
SAR image data example is refocused with a significant im-
provement of the target-to-background clutter contrast.

(6]
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