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Dual-Channel Airborne SAR Imaging of Ground
Moving Targets on Perturbed Platform
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Abstract— A dual-channel airborne synthetic aperture radar
(SAR) imaging approach is proposed to acquire well-focused
images of ground moving targets (GMTs) after compensating
for the platform trajectory deviation (PTD). The phase error
attributed to either PTD or target motion is given by a polynomial
of slow time. The SAR image before motion compensation is
segmented into multiple subimages, and a compressive-sensing
(CS) technique is applied on each subimage to estimate the poly-
nomial coefficients featuring PTD. A range-frequency reversal
transform (RFRT) and fractional Fourier transform (FrFT) are
combined to estimate the motion parameters and position of each
moving target. The proposed approach is verified with real data
and simulated data, respectively, and the moving targets in the
acquired image are well recognized.

Index Terms— Compressive sensing (CS), dual-channel, focus-
ing, fractional Fourier transform (FrFT), ground moving target
(GMT), platform trajectory deviation (PTD), range-frequency
reversal transform (RFRT), synthetic aperture radar (SAR).

I. INTRODUCTION

IRBORNE synthetic aperture radar (SAR) techniques

have been widely used for imaging of ground moving
targets (GMTs) in battlefield surveillance [1] and urban traffic
monitor [2]. The image of a moving target is usually blurred
beyond recognition due to its motion [3]. The phase error
induced by target motion impedes conventional range-Doppler
algorithms from focusing the images in the azimuth direc-
tion [4]. Several methods have been proposed to compensate
for such effects. In [5], a second-order keystone transform
(SOKT) was proposed to compensate for high-order range-
walk error. Autofocusing of moving targets can be formulated
as an optimization problem, which is then solved by using
techniques such as compressive sensing (CS) [3], alternating
direction method of multiplier (ADMM) and robust principal
component analysis (RPCA) [6], [7].

In [3], a CS-based single-channel SAR imaging approach
was proposed to focus smeared GMT image in a target region.
The smeared target image was extracted first, on which an
inverse cross-range compression process was applied. The
phase error induced by target motion was represented as
a polynomial, and the coefficients were estimated with a
modified orthogonal matching pursuit (MOMP) and a Pearson
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correlation coefficients (PCCs) approach. A compensation
filter was then designed to focus the GMT image.

In [8], application of machine learning methods, including
convolutional neural network (CNN), to acquire high-quality
SAR/ISAR images under sparse aperture conditions were
briefly reviewed and compared with conventional CS-based
imaging methods. In [9], a structured low-rank and sparse
(SLR + S) approach was proposed to restore sparse sampling
patterns such as random missing sampling (RMS) or gap
missing sampling (GMS), followed by a fast ADMM to
acquire ISAR images.

The pulse repetition frequency (PRF) of a wide-swath SAR
surveillance system must be kept sufficiently low to avoid
range ambiguity, thus causing azimuth ambiguity and man-
ifesting ghost targets. In [10], a locating processing weighted
group lasso (LP-W-GL) approach was proposed for SAR
imaging on maritime targets. The weights on the target sam-
ples were increased to suppress clutters and mitigate ghost
targets in the acquired SAR images.

A target moving too fast may induce Doppler ambigu-
ity. In [11], a modified Keystone transform was proposed
to resolve such an issue. In [12], the Doppler ambigu-
ity problem was solved by estimating the first-order phase
error with a 2-D scaled Fourier transform (SCFT) and
estimating the second-order phase error with an improved
range frequency cross correlation function (IRFCCF). How-
ever, the residual background signals may compromise the
estimation. In [13], the cross-track velocity of a moving
target was estimated from the slope of the range walk
with Hough transform, and the range cell migration was
corrected with a SOKT. An adaptive polynomial Fourier
transform was applied to estimate the high-order phase error
associated with the along-track acceleration of the moving
target.

SAR images of moving targets can be better focused if
the background signals are removed before processing the
target [14]. For targets moving at low speed or immersed
in a wide or complicated background, their restored images
tended to be affected by clutters and became difficult to
recognize [15], With a single-channel SAR approach, the
Doppler shift induced by a moving target mingles with that
of radar motion, creating ambiguity in the estimated azimuth
position of the target [16], [17]. Multichannel approaches, such
as space-time adaptive processing [18] and displaced phase
center antenna (DPCA) [19], were proposed to correct the
azimuth position of the target.
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In practice, the radar platform may not always maintain
a straight flight path or constant velocity due to atmospheric
perturbations, resulting in range error and blurred images [20].
Modern inertial navigation system (INS) and global position-
ing system (GPS) [21] can compensate for flight path deviation
or fluctuating velocity to some extent. The residual phase
error [21] is called platform trajectory deviation (PTD) error
in this work.

Various autofocusing approaches have been proposed to
mitigate the PTD error, including phase gradient algorithm
(PGA) [22], [23], map drift [24], [25], [26], optimization
method [27], [28], maximum contrast [29], and minimum
entropy [30].

In [22], a PGA in conjunction with linear unbiased mini-
mum variance (LUMV) was proposed to estimate the phase
gradient versus slow time, and the phase error across the
full aperture was obtained by integrating the phase gradient.
However, this method worked only when strong scatterers
were present in the target area [29], [31].

In [25], a 2-D spatial-variant map-drift autofocusing tech-
nique was proposed to compensate for both range and
azimuth-dependent phase errors. In [26], full-aperture signals
were alloted to multiple subapertures, and a map-drift aut-
ofocusing approach was applied to estimate the local phase
error and platform acceleration. The platform trajectory across
the full aperture was derived by integrating the estimated
acceleration on all the subapertures.

In [27], improved Tikhonov regularization (ITR) and CS
techniques were proposed to find the optimal solutions for
autofocusing SAR images, under the conditions that the
received signals were sparse, embedding random phase error
or at low SNR. In [28], full-aperture signals were allotted to
multiple subapertures, with the phase error on each subaperture
estimated by solving an optimization problem.

Most SAR imaging methods on moving targets presumed
stationary background, and the background signals were usu-
ally removed before focusing on the moving targets [32]. Some
residual background signals will blur the image of moving
targets, and the presence of platform perturbation will blur the
image of both background and moving targets [33]. The effects
of platform perturbation and the target motion are intertwined
in the received signals and cannot be separated directly. The
range error associated with a moving target is attributed to both
motions, while that associated with the stationary background
is attributed to platform perturbation. In this work, separate
autofocusing approaches are applied to restore the images of
moving targets and backgrounds, respectively. A SAR image
acquired with a conventional range-Doppler algorithm is first
segmented into several subimages, with only a few of them
affected by moving targets. The phase error caused by PTD
is estimated and compensated by using the subimages less
affected by the moving targets. An entropy-based target detec-
tion method is then applied to narrow down the subimages
containing moving targets. The image of each moving target
is focused via iterative forward and inverse processes, and its
motion parameters are estimated with an RFRT-FrFT method.
Finally, the motion parameters derived from dual channels are
used to estimate the position of each moving target.
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Fig. 1. Schematic of dual-channel airborne SAR imaging (a) on stationary
target with straight platform trajectory and (b) on GMT with PTD.

The rest of this work is organized as follows. The range
model and proposed approach are presented in Section II,
a CS technique is proposed to compensate for the phase
error due to platform trajectory deviation in Section III, an
imaging approach on moving targets is proposed in Section IV,
target recognition, verification on real data and highlights are
presented in Section V, and some conclusions are drawn in
Section VI.

II. RANGE MODEL AND PROPOSED APPROACH

Fig. 1 shows the schematic of dual-channel airborne SAR
imaging on a GMT, under the influence of PTD. The platform
without perturbation is supposed to move at a constant speed
V), and at height 4 above ground. Two radars are installed on
the platform, separated by d across the track, operating at look
angle 6,. The region of interest (ROI) is centered at a reference
point Q¢ = (xp,0,0), the gth moving target is located at
Q¢ (n) at slow time n, with Q,(0) = (xo+xg0, Y40, 0). Radar s
(s = 1, 2) is located at P©®) (1), with PV (0) = (d/2, 0, h) and
P®(0) = (—d /2,0, h). The range between radar s and the
gth moving target is Rg)(n) = |Qg(n)P(S)(n)|. The proposed
approach is applied to acquire the images of moving targets
in the ROI, under residual PTD.

In the absence of PTD, the range between radar s and
a stationary point target at (xo + xj, yn, 0) is given by the
following equation:

RY () = \/(xo Fd/24x2)? + (ya — Vpm)? + 12

2
) VpIn Vo
~ Ry, — ne, s=1,2 @))]
(s) (s)
R; 2R,
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Fig. 2. Example of PTD [34],
— — —: in z direction.

: in x direction, — - — in y direction,

where Ry = ((xo F d/2 + x,)2 4+ y2 + h2)/2, with s = 1,2,
and R(()S) = ((xo Fd/2)* + h*)!/? is the closest range between
radar s and the reference point.

Assume the gth target moves at a velocity of Xvgy + Jvgy,
and its backscattered signal is contributed by N, scatterers,
with the nth scatterer located at Qg (1) = (x0 + X0 + Xgn +
Vgx, Y0+ Yen +Vgyn, 0). The range between the nth scatterer
and radar s is given by the following equation:

R (1) = | Qon )PP (0)
= {(t0 T d/2+ x50 + g + vgu)?

5 2 1/2
+ [ygo + ygn + (vgy — VpInl~ + h }
s=1,2

The difference between Rg},)(n) and R(()ff is referred to as
the GMT range error, which can be approximated by a
second-order polynomial of n as follows [3]:

ARD () = RE) () — RG) ~ v n+ydn® @
where the first-order term and the second-order term induce an
azimuth position shift and blurring, respectively, of the moving
target in the acquired image, with the coefficients given by the
following equation:

(s) _ Vgx (X0 F d/2 + ng) + (Ugy - Vp)ng 3)
ygl - R(é)
0
y(s) . Uéx + (vgy — Vp)2
g2 = ()
2Ry
2
_ [ng (x0 Fd/2 + xg0) + (vgy — Vp)ygo] )

3
2 (x")

We use the data shown in Fig. 2 [34] to simulate the residual
PTD after correction with INS or GPS technique. Similarly,
the range between a stationary background scatterer at (xo +
Xn, yp) and radar s is given by the following equation [20]:

R () = RS () + ARY () 5)

where AR;,S) (n) is approximated with a third-order polynomial
of n as follows [35]:

ARY () 2= B0+ B n* + B’ ©6)
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TABLE I
DEFAULT PARAMETERS USED IN SIMULATIONS
| parameter | symbol] proposed [ ref ]
carrier frequency fe 10 GHz [25]
range bandwidth By 2,000 MHz [24]
range sampling rate Fr 2,400 MHz [28]
pulse duration T 20 ps [26]
range chirp rate K, 100 THz/s [25]
pulse repetition frequency F, 1,000 Hz [25]
coherent time Ta 2.05s
look angle ) 45° [26]
elevation beamwidth 0.1 40° [26]
azimuth beamwidth [ 10° [26]
squint angle 04 0° 37
platform height h 5 km 24
platform velocity Vp 120 m/s 24
spacing between radars d 20 m
aperture length Lq 246 m
closest slant range Ro 7.07 km

By superposing the range errors attributed to both target
motion and platform perturbation, the range between the gth
moving target can be approximated as follows:

RS () = R + ARD () + AR (). )

The transmitted signal is a linear frequency modulation
(LFM) pulse

. . 2
so(t) = rect (t/T,) e/ 2T/t I KT

where f. is the carrier frequency, K, is the chirp rate, 7, is
the pulsewidth, and

rect(t) = {1’ =172

0, otherwise

is a window function.
The backscattered signal after demodulation is given by the
following equation:

© N @
S n
s (T = E A}ls)rect <T>

n=1 r
eI RY e ik (=o) g
where N is the number of scatterers, Aff) is the backscattering
coefficient of the nth scatterer, and r,gs) = 2R,(f)(r;) /c. The
range models in (5) and (7) are used for stationary background
and moving target, respectively.

In practice, the image on an ROI can be acquired by
extracting the received signals in specific fast-time intervals
and Doppler frequency bands, respectively. Fig. 3(a) shows
an X-band SAR image of a region in Wachtberg, Germany
[36], to simulate the background image. By comparing the
background intensity with that of metal objects in the image,
the backscattering coefficients are calibrated over the interval
of 0.25-0.45, with 1.0 for metal objects. Fig. 3(c) shows a
3-D model of an M1A2 Abrams tank to simulate a GMT,
which is approximated as a perfect electric conductor and its
backscattered signals are computed with physical optics (PO)
theory.
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Fig. 3. (a) X-band SAR image centered at (50°37'2"N, 7°7'42.2" E),
Wachtberg, Germany [36], (b) same region on Google Earth, and (c) model
of M1A2 Abrams.

TABLE 11
MOTION PARAMETERS OF GMTS

[ GMT | zgom) [ ygom) [ vgz(m/s) [ vgy(mis) |
g=1 |10 ~30 3 6
g=2 —42 32 —2 12

Table I lists the default parameters used in the simulations.
Based on these parameters, slight uncertainty of scatterer
height or scatterer position by about 5 cm may shift the phase
of backscattered signal over 2z. Hence, the phase in each pixel
is picked randomly from [—m, ) in this work. Two M1A2
Abrams tanks are simulated as moving targets, with their initial
position and velocity components listed in Table II.

Fig. 4 shows the flowchart of the proposed iterative
two-stage SAR imaging approach, which is capable of focus-
ing the images of the background and the moving targets sepa-
rately. Fig. 5 shows the breakdown flow-charts of RDA, IRDA,
and IRDA,, respectively, and Fig. 6 shows the breakdown
flow-charts of the PTD autofocusing and GMT autofocusing,
respectively. Compositional processes in these flow-charts can
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Fig. 5. Flow-charts of (a) RDA, (b) IRDA, and (c) IRDA; in Fig. 4.

be found in [18] and [40]. Different surveillance modes
for airborne SAR applications were discussed in [38], and
some commonly used autofocusing approaches were presented
in [39] and [40].

III. COMPENSATION OF PHASE ERROR DUE TO PTD

Fig. 7(a) shows the original SAR image without any com-
pensation. The spatial resolutions are Ax = 0.21 m and
Ay = 0.2 m. The image of the stationary background is
smeared by the PTD phase error, while the areas around the
GMTs, as enclosed by white rectangles, are smeared by both
GMT and PTD phase errors. The GMT phase error tends to
spread over a wider area than its residing pixels in the acquired
image, and the outward infiltration of GMT phase error is
exacerbated by the fact that the backscattered signals from
GMTs are much stronger than those from the surrounding
background.
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Fig. 7. Acquired SAR image (a) without compensation and (b) with PTD
compensation. Areas affected by GMT are enclosed with a white rectangle.

The number of pixels smeared by GMT phase error takes a
small percentage of pixels. Thus, the pixels unaffected by the
GMT phase error will be used to estimate the PTD phase error.
First, we divide the SAR image in Fig. 7(a) into 64 subimages
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of equal size (about 25 x 25 m), and apply the inverse RDA
in Fig. 5(a) on each subimage to restore the corresponding
backscattered signals as in (8). These subimages are expected
to bear the PTD phase error specified in (6).

The restored backscattered signals after applying the inverse
RDA to a subimage is given by the following equation:

)(T n) = ZA(A)rect A Tlgi)
S1b T,

2
(s)
s« oIS /e ik (v=18))”

where Nj, is the number of background scatterers in the
subimage, A(S) and 1:(‘) are the backscattering coefficient and
time delay, respectlvely, from the nth scatterer, with

o) = 2[R () + ARY ()] /.

Next, take the range Fourier transform of s; b)(‘L' n) to have

S5 eom) = Fe {sfi@m | = ZA(”rect(ff/B)

% o—iTI/Ks e—j47f(fc+fr) (RO a+arS ()] /e

which is multiplied with a range compression filter Hy.(f;) =
¢TI IKr 1o obtain

S5 (feom) = S5 (fe. ) Hre (f2) = Z Aprect (f+/By)

n=1
. (s) (s)
et [R ARy ] fe )

A. Estimation of PTD Range Error

Next, a CS technique is applied to each subimage to
estimate the coefficients ,BI(V) B, () and B3 ) of PTD range error
AR(S)(n) in (6). The values of S3b (0, ny)’s of the subimage
are first vectorized as ng) = [S(b)[l] S(S)[Z] m[Na]]t,

where 1, = (=Ng/2 4+ m — 1)/Fa, S(Y)[m] S0, 7m)
as in (9), and R,(,S)[m] ,, (nm) as in (1). Note that
strong reference scatterers are not required as with the
PGA [29], [31].

Then, compute atoms of a dictionary as follows [41]:

Np

3 AT IR e

n=1
Np

Z e i4mfRY 21/
v (B) =

Ny

Z o= i4m LRy NG/

L n=1 J
; (s) (s) 24 (s) 3
e_]4”fc(/31 m+/52 LRt /33 771)/

. (s) () 2, p(s) 3
oA (B 4B n3 485 [ e

. (s) (s) (s) 3
o (B g +8 R, 813, ) [
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Fig. 8. Distribution of (a) estimated B and (b) estimation error &g, over
64 subimages, s = 1.

where o means direct product, the first vector represents the
signal from the subimage area with uniform backscattering

coefficient, and the second vector represents the PTD phase
error. An atom is associated with a particular set of ) =
18", 85", B5'1" on a 3-D grid, where Bimin < 81" < Bimax,
Brmin < ,BS) < Bomax and B3min < ,3§s) < B3max. The grid
spacing is AB, = (Bymax — Bnmin)/ Un, given U, grid points,
with n = 1, 2, 3. This dictionary \il(s) contains U U2U3 atoms.

With dictionary g, S‘S]) is encoded as S<S> v . "/(f),
where JE}(;) is a coefficient vector of dimension U; U, U3, which

is determined by solving an optimization problem [42], [43]

HONS H —(5)
= ar mln
ﬂ & (5)

1

ON <e (10)

(s) (s)
HS g

where ||)E/§S)|| 1 is the 1-norm of )Eﬂ‘v , and ¢ is a tolerance. The
optimization problem in (10) can be solved with the CVX
tool [44]. The PTD range error in the subimage is given by
the following equation:
(é)n+,3(5) 53(3')773.

Fig. 8(a) shows the estimated B vectors over 64 subimages
segmented from Fig. 7(a). Most B vectors cluster around the
true vector and only a few B’s associated with subimages
containing GMT signals deviate from the cluster center. The
coefficients are estimated by taking the average over the
clustering B vectors, and the results are listed in Table III.

R(s)
AR (n) =
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TABLE IIT
COEFFICIENTS OF PTD RANGE ERROR
| | B [ B2 [ B3 |
true —0.0877 0.0849 0.0621
estimated | —0.0874 0.0852 0.0614

Range Error (m)

1.2

—-0.6 0

n(s)

Fig. 9. Range errors, : true PTD range error, — — —: estimated
with proposed approach, : estimated with PGA, ———: estimated
with PGA in the presence of GMTs.

Define an estimation error as &g = 100 X 1B — Bl/IBI

(%), where B is the estimated vector of B on a subimage.
Fig. 8(b) shows the estimation error over 64 subimages. The
subimages with larger estimation error overlap with the blurred
areas shown in Fig. 7(a).

Fig. 9 shows the PTD range error estimated with the
proposed approach is very close to the true value. The range
error estimated with the PGA [22] is slightly different from
the true value in case there are no moving targets, but becomes
larger if the effects of moving targets are included.

B. Compensation of Range Error

To compensate for the PTD range error embedded in
the image of Fig. 7(a), ﬁrst apply a compensation filter

HY (feom) = oISt FOARS /e (o S (fr,m) as follows:
89 (feom) = S“(ff, MHS (fe.n)

- ZA(’)rect(f,/B ) = IAT et FORY (e
which is Fourier transformed in azimuth to have

S5 (fer f) = Fo{85) (feom)} = Z Aprect (f:/By)

X e ]47T(fc+ft)R(A)/Cefzn(fr‘i’ff)y[%n/ (CR(()S))

o o2 Fayin! Vp it SRS [ [20f+ £ V2]

and multiplied with a range compression filter Hc(rsc) (fes fp) =
e~ ITLTERS RUAFOVET o5 follows:

88 (fe, fi) = 54 (fer SOV HS) (feo f)

— ZA(S)I'CCt (fr/B Ye~ ]477(fc+fr)R0n

eﬂﬂ(fﬁ/%)y,f,, /(eRS”) g=i27fyyon/ Vi
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Fig. 10. Acquired images (a) without any phase error, (b) perturbed by PTD,
(c) with PGA, and (d) with proposed CS-based PTD compensation.

By taking the inverse Fourier transform of S’g;;)( fe, fp) In
range, we have

58, fi) = FoUSE) (feu 1))

N ) )
. S . s
— § :Aésn)e—/4nfcROn ceJancy,%n/(cRo )
n=1
o o2 Fyynl Vi

< Bysine (B, [« =280 fe 433,/ (e8]}

which is inverse Fourier transformed in azimuth to have
—1 {S(S) (‘L' fﬂ)}

= ZA(S)rect(fr/B Yo~ IR fe o7 fevin ] (cR”)

st ) =

S Bsinel B [« — 2K e 98/ ()]}
X Fasinc{Fy,(n — Yo/ Vp)}. (11)

Fig. 7(b) shows the image after PTD compensation, most of
the background image is well focused.

Fig. 10(a) and (b) show the acquired images with and
without PTD range error, respectively. Fig. 10(c) and (d) show
the images compensated with the PGA [22] and the proposed
PTD compensation method, respectively. It is observed that the
image compensated with PGA manifests artifacts of horizontal
streaks, possibly affected by the presence of moving targets.

IV. IMAGING OF MOVING TARGETS

A. Detection of GMTs With Entropy

A moving target can be detected in an image from the
smeared area around it. In [32], an autofocusing approach
was applied to each subimage segmented from a larger SAR
image, and the output contrast was used to determine if
moving targets were present in the subimage. The contrast
was enhanced by multiplying the output with those from
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smaller subimages. In this work, a multiframe entropy-based
detection method is applied to narrow down the image area
containing moving targets.

Let the magnitude of SAR image in Fig. 7(b) after the £th
iteration be A (z, n) = |§75(t, n)|, which is mapped to the xy
plane as A (x, y) for convenience of inspection. Divide the
image into K x K subimages of equal area Dg. Compute the
entropy of the wth subimage located in Zg,, of the xy plane
as follows [45]:

e{AQ ) = L // A (x, y)logig A (x, y)dxdy
Dk JJzg,
and a level-K entropy distribution over the whole image is
given by the following equation:

=&{AQ}, (¥ € Zku.

In the simulations, we choose K = 8, 16, 32, 64, and 128,
corresponding to subimage sizes of 25 x 25 m, 12.5 x
12.5 m, 6.25 x 6.25 m, 3.125 x 3.125 m and 1.5625 x
1.5625 m, respectively. Fig. 11 shows the entropy distribution
Eg)(x,y), with K = 8, 32, and 128, respectively. As the
subimages get smaller, the whereabout of moving targets and
finer background features become more obvious.

Next, compute an enhanced entropy distribution as follows:

I

K=8,16,32,64,128

14
EP(x, )

EO(x,y) = EQ(x, y). (12)

Fig. 12(a) shows the enhanced entropy distribution after the
first iteration. The blurred areas containing moving targets are
smaller than their counterparts in Fig. 7(b).

Then, an IRDA process is applied on each blurred area
to restore an equivalent received signal after demodulation
associated with the gth moving target as follows:

()
-7
sl(ifz)(t, n) = E A(S)rect ( 7 gn )
;

o= iAn RS /e pinke (r—2)

where N, is the number of scatterers in the gth blurred
area, Agfn) and g, are the backscattering coefficient and time
delay, respectively, of the nth scatterer, with réf,) = 2[R(()fl) +
ARY () + ARY (/e

To compensate for the effect of target motion, first apply
range compression to s(sz)(r n) by taking its range Fourier
transform to have

Ng
S5 ey = Fe {sfy @m ) = 3 AQrect (fe/B,)
n=1

e~ T Kr = jdm(fet FORG ()

and apply range-compression filter and PTD compensation
filter to have

S (feom) = S‘”(ff, ) Hee (f)HS (fr. 1)

- ZA(S)rect(fT/B )

w e~ Hrtet O [REymrge] fe g3
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Fig. 11.  Entropy distribution E%)(X,}’), (@ K =38, (b) K =32, and Fjg 12. Enhanced entropy distribution (a) E((x, y), () E®)(x, y), and
(c) K = 128. (©) E®(x, y).

where yﬁ) and yéf;) are the coefficients in the range model of

the gth moving target as in (2). which is inverse Fourier transformed in range to have

B. Estimation of GMT Range Error With RFRT-FrFT - o) i )2
s _ — s _ s
An RFRT-FrFT is applied to estimate yg(i) and yg(;) in % (T.m =F; {Sg (fr, T))} - Z (Agn)

(13). First remove the cross-coupled terms, f;n and fyn? in ) , . )., ()2
X sinc(B,t)e*JS”Ré;)/)‘Ce_JS" (”gl THVg2 1 ) /ne

Sgi,)( fr,n), by applying range frequency reversal transform

(RFRT) on S5 (f. 1) to have (15)
Ng 2 where L. = c/f. is the wavelength at the carrier frequency.
Sg')(f,, n = Sé;)(fr, n)Séi,)(—f,, n = Z (Af;,,)) Next, apply a fractional Fourier transform (FrFT) to
’ZTI sé‘v)(r, n) to have [4]
x [rect (fe/B,)) e~ I7/eRa /¢ -
. s s (s) — (s)
o oI (v v Sn?) e (14) Sg (T, ¢, u) /_OO Kg(u,msg’ (t, mdn (16)
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with the kernel

meﬂr (n? cotp—2 uncsc p+u’ cotp)

¢ #nw
K =
ot 1) S(u—mn), ¢=2nm
Sw+mn), ¢=Cnthn.

Explicitly, (16) is reduced to

Ng
Sg)(T, b, u) = \/WZ (Agn)2e—j87rR(()‘n>/Ao
n=1

Ta/2 )L

) _ S 2

x oJ7H cotd)/ e err(agl n+agsn )dn
~T,/2

(17)
where
4 (s)
af;l) = )\gl +ucsco (18)
C
y(s)
ol = ;;2 —0.5cote (19)

If ago =0, (17) becomes

Ng
SO g u) = /T=jcotd Y (Agn)’ e 75 R Ve
n=1

x e T sine { T, (wesed + 4y /e )}
(20)

where the sinc function indicates a peak value at (u,¢) =
(g, ¢g), leading to

=g e 1)

By substituting the condition ag =0 and ¢ = ¢, into (19),
we have

7y = hecet, 22)

Fig. 13 shows the magnitude of Sél)(r,¢,u) after the
7th iteration, with ¢ = 1 and g = 2, respectively. As the
blurred areas containing moving targets shrink with iteration,
the peak in Fig. 13 becomes more obvious. Table IV(a) lists
the estimated coefficients )7;?) and )7;;) and their true values.

Define a GMT range error index for target g as follows:

=(s) =(s)
Yo — Vs |

£V =100 x | ) (%)
’Vg ’

where 7 = [y, y Q1 and 70 =[5 7PV Fig. 14

shows that the GMT range error indices decrease steadily with
iteration.
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Fig. 13.  Magnitude of Sg,l)(r,d),u) after 7th iteration (a) ¢ = 1 and
(b) g =2.
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Fig. 14. GMT range error index versus iteration, rg=1,5s=1,
———1g=1s5s=2, rg=2,5=1, ———:1g=2,5=2.

C. Estimation of Target Position and Velocity

The coordinate xg of the gth moving target is first estimated
from the enhanced entropy distribution E© (x, y) as Xg0. From
(3), vgx is estimated as Vg, Ro(?;%) — fé%))/d, where R(()l)
and R(()z) are approximated as Rp, which is the range from the
reference point Q¢ to the middle point between the two radars
at n = 0.

Next, the velocity component vy, is derived by solving (3)
and (4) as follows:

56~y !
gy — VP =
lxo F d/2 + xg0l

X {()7;?)2[()60 Fd/2+ );go)z _ (R(()S))z]

)~ - 172
+ 2R 7S (o F /2 + Fe0)?}
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TABLE IV

MOTION PARAMETERS OF MOVING TARGETS. (a) y COEFFICIENTS.
(b) MOVING TARGET 1. (¢) MOVING TARGET 2

‘ ‘ Y11 \ Y12 \ 721 \ 22 \
true 1.334 —0.084 —0.858 —0.138
estimated | 1.336 —0.087 —0.862 —0.137
(@
| g = 1 | 10 (m) | Y10 (m) | vlT(m/s) | vly(m/s) | 51(% |
true 10 —20 3 6
estimated | 10.5 —19.6 291 6.27 4.24
(b)
| g = 2 | 20 (m) | Y20 (m) | vgm(m/s) | V2y (m/s) | 52(%) |
true —42 32 —2 12 -
estimated | —41.9 31.4 —1.97 12.46 3.79

(©)

where we assume xo > |ye0| and V), > |vgy|. Finally, (3)
implies
— Ugx (X0 Fd/2 + Xg0)
Vp
and : : s s =@
Yg0 18 estimated as y,0 = (yg0 + ¥e0 )/2.
Table IV(b) and (c) list the true and estimated position and

velocity of the two moving targets. The estimation error on
velocity of the gth moving target is defined as follows:

|1_)g _ﬁg|

|Ug|

~(1) (s)
~(8) gl R
ng -

Vgy —

&, = 100 x (%)
with Ug = [Tgy, Dgy]’ and U = [Vgx, Vgy]'.
Based on the estlmated range error of the gth moving target,

Aﬁés)(n) = yéfi) n+ J/g2 n?, a compensation filter is defined
as follows:

HS) (fem) = AT fet F AR () fe

. VpJg0 VI% 2
xexp§ j An(fetfo) | —57n— —mn
RS 2R

(23)

where the first factor compensates for the GMT range error
and the second-factor restores R(()‘;) in (13) to R,(f)(n) using
the relation in (1). By applying the filter in (23) to S3,(f%, n)
in (13), we obtain an equivalent signal from the gth moving
target centered at (Xg0, Y40)

S (feom) = Hey (fr.m)SS) (fru )

8
=3 Aldrect (f:/B,) e /47U +fORS /e

D. Imaging of Individual Moving Target
Take the azimuth Fourier transform of S;)( fr,n) to have

S5 (fer )

Ny

= A {38} = 3 AGreet (/)

n=1
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o o~ JATUeAFORS) [e 72w (fet ) g0+ yen)? [ (RS )

o= Iy Os0tyen) Vi i 13RS [ (2t O VE]

which is applied with a cross-range compression filter to have

89 (feo f) = S(”(fr, F)Here (feo f)
ZA(S)I'CCt (ft/B )@ JAT(fet fr) R(AX c

X ejzn(fc+fr)(Yg0+ygﬂ)2/ (CR(()J))

X e_./zn.fh (_VgO"Fan)/Vp .

By taking the inverse Fourier transform of S’;i,)( fo, fry) in
range, followed by the inverse Fourier transform in azimuth,
we have the image of the gth moving target

~(sl

S7¢ )(tv n)
= F HF S U )
N
= ZgAg,,rect (fe/Br )e_14”vaon ¢ g2 fegotyen? [ (cRS)
n=1
< Bsine{B,[r =28 e + -+ i) R}
X Fgsinc{Fa[n — (g0 + ygn)/ Vp1}-

The image composed of all the G moving targets after the ¢th
iteration is acquired as follows:

Zs“)u n).

~(L
ST,y =

E. Enhancement of Moving Target Image

The acquired image of moving targets can be further
enhanced by iteration. Take the amplitude distribution of
the moving target images acquired after the ¢th iteration,

~(L
A ) = 59 ),

distributions, E¥ 1 (x, y), with K = 8, 16, 32, 64, and 128,
followed by an enhanced entropy distribution E+D (x, y) as
in (12). By applying an IRDA process to the two blurred
areas, which are smaller than their counterparts in the previous
iteration, the moving-target signals are restored as follows:

41 {+1
sig (z.n) = Zs” ‘(. n)

then compute level-K entropy

where S(Z-H)(‘L' n) is the restored backscattered signal of the
gth moving target in the current iteration. Then, the back-
ground signals are separated from the original backscattered
signals as follows:

41
s (T, ) = s1(T.n) — Zs” ‘(T ).
g=1
Thus, both the background signals and the moving-target
signals are more distinctly separated to acquire better-focused
images of § s7 (1’ n) and 57,(t, ), respectively.
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Fig. 15. (a) Acquired SAR image, (b) moving target image, ¢ = 1, and

(c) moving target image, g = 2.

The GMT range error is compensated iteratively until the

following criterion is satisfied [28]:
1 Ta/ 2 - -
é“=—f/i \AR““@)—AR“““@)dn<am
T, J-1,2 & &
where Alég’e)(n) is the estimated GMT range error in the £th
iteration, and &n;, is a tolerance.

Fig. 15(a) shows the final SAR image of the ROI, in which
both the background and two moving targets are well focused.
Fig. 15(b) and (c) show the magnified images of the two
moving targets, respectively.

F. Computational Load and Velocity Error

Table V lists the numbers of multiplications required in
various processes of the proposed approach in one iteration.
The signal Sés)( fz,n) after the RFRT process clusters in a
narrow strip around the n axis, hence only N, (N, < N;)
range-frequency bins are needed for the subsequent FrFT. The
grid numbers over ¢ and u in the FrFT process are Ny and N,
respectively, which determine the resolution of the estimated
parameters. The simulations are run with MATLAB R2019a
on a PC with 17-3.00 GHz CPU and 32 GB memory.

V. TARGET RECOGNITION AND HIGHLIGHTS

In this section, the acquired images of moving targets
are used for recognition to validate their fidelity for field
applications. Fig. 16 shows the SAR images and scan images
of four different main battle tanks, M1A2 Abrams, Leopard 2,
T14 Armata, and ZTZ 99.

Define the intensity (in dB) of an image pixel as follows:

I(-xs )’) = 2010g10 |§7g(x9 )’)|
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Fig. 16. Images of moving targets (a)—(d) intensity of SAR image and

(e)—(h) scan image of 3-D model. (a): M1A2 Abrams, (b): Leopard 2,
(c): T14 Armata, and (d): ZTZ 99.

Fig. 17 shows that the cumulative distribution functions
(CDFs) of pixel intensity on four different tanks are very
similar.

The contour of each target can be delineated by using
an edge-enhanced intensity image given by the following
equation [47]:

L. y) = \/I20xoy) + BB, )

where In(x,y) = I(x,y + Ay) — I(x,y — Ay) enhances
horizontal edges and I,(x,y) = I (x + Ax,y) — I (x — Ax, y)
enhances vertical edges. The edge-enhanced intensity image
is then used to determine the center of the target.
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TABLE V
COMPUTATIONAL LOAD
| process | number of multiplications | ref. |
range FFT O(2N, Ny log, Nr) [46]
azimuth FFT O(2N, N, log, Na) [46]
range IFFT O(2N, Ny log, Ni) [46]
azimuth IFFT O(2N, N, log, Na) [46]
CS-based estimation O(N2)
FrFT-based estimation O(NJ/NyNuNa)
PTD autofocusing 20(2Ny N, logy Ny)
+20(2Nqy Ny logy Ny)
+O(N2)
GMT autofocusing 20(2Ny Ny logy Ny)
+30(2Ny Ny logy Ny)
+O(N/NyNyNa)
proposed approach 80O(2NyNy logy Ny)
+90O(2Ny Ny logy Ny)
+O(N/NgNyNq)
+O(N2)
1
= 0.8
4
2 0.6
% .
Vi
i 0.4
&
0.2
0
—60 —50 —40 —30 —20 —10 0
I (dB)
Fig. 17. CDF of pixel intensity in acquired SAR image, : M1A2
Abrams, — — —: Leopard 2, : T14 Armata, — — —: ZTZ 99.
TABLE VI
INDEX OF CONTOUR MATCHING
Cgq MI1A2 Abrams | Leopard 2 | T14 Armata | ZTZ 99
MI1A2 Abrams | 0 m 11.83 m 9.86 m 6.72 m
Leopard 2 11.83 m 0m 7.78 m 11.38 m
T14 Armata 9.86 m 7.78 m 0m 8.69 m
ZTZ 99 6.72 m 11.38 m 8.69 m 0m

Next, define an index of contour matching between two
edge-enhanced intensity images g and g as follows:

Ny—1

D Irg(nAg) — rg(nAg)?

n=0

$oq = m
where Ny is the number of spokes spanned from the target
center, at a uniform angular interval of A¢ = 27/Ny, and
r¢(¢) is the spoke length at angle ¢ in image g. Table VI
indicates that g, is an effective index for classifying these
four tanks.

A. Real-Data for PTD Compensation

The efficacy of the proposed approach is further verified on
a set of real airborne X-band GMT-SAR data in [48], with
relevant parameters listed in Table VII. The signals backscat-
tered from a region of 80 x 320 m is processed. Fig. 18(a)
shows the acquired SAR image without any compensation,
which looks blurred.

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 61, 2023

TABLE VII

DEFAULT PARAMETERS USED IN [48]

| parameter | symbol] value ‘
carrier frequency fe 9.6 GHz
range bandwidth B 640 MHz
range sampling rate Fr 10.72 MHz
pulse duration T 30 ps
range chirp rate Ky 21.3 THz/s
pulse repetition frequency Fo 2171.6 Hz
coherent time Ta 0.858 s
platform velocity Vp 103.85 m/s
closest slant range Ry 10.236 km

y (m)

g
=
— 80
—160
— 40
x (m)
(©)
Fig. 18. SAR image acquired from real data [48] (a) without PTD

compensation, (b) with PTD compensation, and (c) reference SAR image
in [48].

Fig. 18(b) shows the acquired image with platform pertur-
bation compensated with the proposed approach. The image
is better focused compared with that in Fig. 18(a). Since a
single-channel configuration was adopted in [48], the true
target position cannot be accurately estimated.

B. Highlights of Contributions
The contributions of this work are summarized as follows.
1) A dual-channel SAR configuration is proposed to esti-
mate the position of a moving target without azimuth
ambiguity.
The PTD and GMT phase errors on the background and
moving targets are modeled separately and compensated
iteratively to acquire focused images.
Enhanced entropy distribution is proposed to confine the
smeared areas affected by the moving targets.
Both images of background and moving targets are
enhanced iteratively, preserving most features for
recognition.
PO theory is used to simulate backscattered signals from
moving targets, providing more flexibility to develop
SAR imaging methods on targets without measurement
data.

2)

3)

4)

5)
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VI. CONCLUSION

A dual-channel SAR imaging approach is proposed to
acquire the images of moving targets separately from the
stationary background, and the target positions can be accu-
rately estimated. The range error due to platform perturbation
and moving targets are represented as polynomials of slow
time. The SAR image without compensation is segmented
into multiple subimages, on which a CS technique is applied
to estimate the polynomial coefficients featuring the platform
perturbation. A multilevel enhanced entropy distribution is
proposed to confine the image areas affected by the moving
targets. An RFRT-FrFT is applied on each confined area to
estimate the polynomial coefficients featuring a moving target.
The images of both moving targets and the background are
further enhanced by iteration. The proposed approach is ver-
ified with real and simulated backscattered data, respectively,
acquiring images for creditable recognition.
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