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ABSTRACT

Conventional SAR images under rich scattering suffer degra-
dation because of ghost images caused by multipath propa-
gation. In this paper, we develop a time reversal SAR (TR-
SAR) imaging algorithm for extended (nonpoint-like) targets
in rich multipath scattering. We test the TR-SAR algorithm
using experimental electromagnetic data collected in a lab-
oratory environment where the extended target (a galvanized
steel sheet) is surrounded by a large amount of PVC rods. Our
experiments show that the collected EM data in frequency and
aperture after TR-SAR processing produces a higher resolu-
tion, cleaner target map compared with conventional SAR im-
ages.

Index Terms— Time Reversal, Extended Target Imaging,
Synthetic Aperture Radar (SAR)

1. INTRODUCTION

Synthetic aperture radar (SAR) systems provide a crucial re-
connaissance technology for many commercial and military
applications. Typical SAR systems are designed for imaging
targets with a direct line of sight of the SAR sensors. How-
ever, in a environment where the intended target (for example,
man-made objects such as a tank or a truck) is hidden or sur-
rounded by many scatterers (for example, trees with large tree
trunks), the target signature consists of the directly returned
waveform as well as the secondary reflected waveforms due
to surrounding scatterers. SAR images of the intended target
under such a scattering environment manifest themselves as
the true target image (due to the direct return) and the ghost
images (due to the secondary returns). The ghost images
severely degrade the resolution of SAR images as well as the
subsequent automatic target recognition (ATR) performance.

In [1, 2], we developed a time reversal based SAR al-
gorithm for imaging a point target and removing ghost im-
ages that are caused by multipath scattering. In our previ-
ous work, we demonstrate that time reversal is a powerful
technique to achieve improved imaging resolution and detec-
tion [3, 4]. In this paper, we study the problem of imaging ex-
tended (nonpoint-like) targets using time reversal combined
with spotlight mode synthetic aperture radar. We verified the
imaging results using electromagnetic data collected in a lab-
oratory with a rich scattering environment. The extended tar-
get has a simple shape, but allows varying orientation and
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Fig. 1. Geometry of bistatic spotlight SAR in squint mode
for an extended target (a half circle and triangle joined by
welding: array A with aperture u € [—L, L] is centered at the
origin, and antenna B is at a fixed location (Xp,Ys). The
ground patch is centered at (X,.,Y.). The numbers indicate
the scatterer locations.

placement in the field of view of the antenna. Related work
is that of [5, 6, 7], where the time-reversal MUSIC method
is applied to the location of extended targets. We should also
note that we do not consider the multiple-bounce scattering
from an extended target [8]. Our focus is on the multipath
scattering due to the surrounding scatterers of an extended
target.

In this paper, we analyze and test the developed time-
reversal SAR algorithm for extended targets that are surrounded
by many scatterers in a laboratory environment. The objective
is to remove ghost images and create a clean target map for
imaging the extended target.

2. SIGNAL MODEL

We assume that the background environment is stationary and
can be overviewed before the target appears. First, we probe
the environment using pulse P(w) and obtain the clutter re-
sponse S¢(w, u) at the receive antenna, where u denotes the
position of the antenna in the cross range of the imaging scene.
The symbol w denotes the angular frequency. We then enter
the monitoring phase where we continuously probe the envi-
ronment. The goal is now to decide if a target comes into the
environment. The received response is S.1+(w, u) that con-



sists of the target response plus the clutter response. Due to
our assumption that the background environment is station-
ary, we obtain the target signature by subtracting S.(w,u)
from S¢y¢(w,u) as

S(w,u) = Seqt(w, u) — Se(w, u). (1)

We also assume that an extended target consists of a cluster
of point reflectors; each reflector is characterized by its radar
cross section and the phase term that is due to its relative po-
sition with respect to the SAR sensor. The number of scat-
tering centers of an extended target that a radar can identify
is limited by the radar resolution. The extended target under
test appears to show two dominant scattering centers given
the operation frequency range and the synthetic aperture size
of our experiment. Hence, for simplicity, we use a two-point
target model as follows:

S(w,u) = Pw) [ﬁe—ijl(“)Hl(w,u)—i-
rae IR0 w0, w)| @)
where k = % is the wave number and 7;,7 = 1,2, is the

i-th radar cross section (RCS) of the point-like reflector of
the extended target. For each point-like reflector located at
(Xe+x, Yo+ yi),1=1,2, we let

Ri(u) = V(Xe+a)?+ Yetyi—u?+

V(Xe+xi — Xp)2+ (Yo +yi — Yp)?

denote the distance between the aperture at (0, u), the point
reflector, and antenna B at (X p,Ys) (see Fig. 1 for illustra-
tion). The quantity

L
Hi(w,u) =1+ Z o e IRARL(W) 3)
=1

denotes the normalized multipath target response for the ¢-th
point reflector. The quantity «; ; and

ARM(U) = R“(U) — Rz(u), = 1, e ,L (4)

are the relative amplitude and distance of the [-th multipath,
respectively. Furthermore, we assume that

Hy(w,u) =~ Hy(w,u). 5)

This assumption is valid because (1) for an extended target
in a far field relative to the SAR sensor, the scattering condi-
tions for each reflector are very similar; (2) in rich scattering,
the aggregate effect of a large amount of scatterers makes a
few strong scatterers close to the extended target negligible.
Hence, we can re-write (2) as

S(w,u)=P(w) [Tlefijl(") + Tgefijz(“)} Hy(w,u). (6)

3. TR-SAR

TR-SAR processing aims to improve the resolution of con-
ventional SAR images under rich scattering environment. TR-
SAR is implemented by the following steps: (1) Multilook

averaging of conventional SAR images. In this step, the full
aperture SAR phase history data is divided into several looks
(subaperture). Each subaperture is processed to produce sub-
aperture images. These images are registered and averaged to
produce a single image. Because ghost patterns due to sur-
rounding scatterers to a target are look-angle dependent [1],
multilook averaging essentially removes the ghost patterns
and retains the true target image. However, the penalty paid is
loss of resolution. (2) Radar cross section estimation from
averaged SAR intensity image. In this step, we estimate
the radar cross section of the point-like reflector based on the
SAR intensity image. Related work is that of [9] where the
RCS of point targets is estimated when the speckle noise is
removed. Here we let

Ti=ar,i=1,2 )

denote the estimate of the RCS of the ¢-th point reflector,
where a is the unknown scaling factor. In our experiment, the
speckle noise is negligible. The RCS of the scattering center
can be obtained by estimating the reflectivity directly from the
SAR intensity image. For simplicity, here we assume that the
intensity scaling is the same for the point reflectors that be-
long to the same extended target. Furthermore, let (Z;, 3;) be
the rough estimate of the ¢-th point reflector location, which
yields

Ri(w) = V(Xe+7:)?+ (Ye+ i — u)?
+V(Xe+3 — Xp)2+ (Yo + 3 — YB)2

(3) Construct time-reversal signals for re-transmission.
We first construct the target response filter

~

T‘((,d7 ’LL) = ?lejk?f%l(u) + ?erkﬁz(u) (8)

The estimated target response filter f(w, u) is multiplied by
S(w, u), which yields

Pi(w, 1) = k[T (w,u)S(w, u)]* ©)
where the energy normalization factor is given by

k= JIP@)Pdo (10)
1T (w, u)S(w, u)|?dw

We note that the unknown scalar a in (7) will be canceled
through the normalization.

(4) TR-SAR image reconstruction. The energy normal-
ized, time reversed signal is transmitted. Assume that the
channel is reciprocal, the received signal becomes

Se(w,u) = Py(w,u) [Tle—jml(u) +726—jk32(u)}

X Hy(w, u) (11)

= k[T (w,u)S(w,u)]* [Tlefijl(u)+
Tge*ijg(u)} x Hi(w,u) (12)

= R P (@) Hy (w0, w)f? [FeH R0
?Qefﬂcf@(u)} (72 4724

2T17'QCOS[]{?(R1(’LL) — Rg(u))} (13)



For simplicity, if the estimate of the target location and RCS
is accurate, i.e., R;(u) = R;(u), we obtain

Se(w,u) = (aky)P*(w)|Hi(w,u)]? [ﬁe*ijl(“)

+T26_ij2(u)} {712 + a4
QTlTQCOS[k‘(R1 (u) — Rg (u))} . (14)

If we compare (6) with (14), we see that the number of phase
terms in (14) is reduced to two, i.e., e ~5F1(%) gpd ¢—ikR2(u)
which represents the two point reflectors of the extended tar-
get. This implies that the ghost images due to multipath scat-
tering are removed. Furthermore, the term

L 2

14 Z ai,lefjkARi,z(u)
=1

|Hy(w,u)|? = (15)

resembles a sinc-like function proportional to the number of
path of L (see [2]). Implementing the matched filter based
SAR algorithm [10], we use

So(w,u) = P*(w)e I*Fo(w) (16)

as the reference signal that shifts the focusing point of the
image to the center of the ground patch (X.,Y.) and im-
plements data compression for subsequent FFT processing.
Thus, a final image is then produced by taking the inverse
Fourier Transform of [10]:

S (w, u)Sg (w, uw), an

which yields

flzy) = / / dwdk, eFe (@ Retiky @ kay 5 k)
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where J(w, k,) is the Jacobian of the transformation from
(ko (w, ky), ky(w, ky)] to (w, Ky, ).

4. EXPERIMENTAL RESULTS

Fig. 1 depicts the experimental setup for imaging an extended
target. The extended target, shown as a joint semi-circle and
triangle, is placed 2.3 meters away from the antenna arrays
and is surrounded by a total of 27 PVC rods and other scat-
terers. The relative locations of the scatterers are indicated by
numbers. The target is a 6 feet tall, galvanized steel sheet. It
is constructed by welding a triangle and a semi-circle. The
diameter of the semi-circle is 30 cm, the edge length of the
triangle is 21 cm. The target itself has a very smooth surface,
hence, it is anticipated that the scattered EM waves emanating
from the target are caused mainly by reflection. To enhance
multipath scattering, the target is wrapped with crinkled foil

-, rods and
copper pipes

extended
target

Fig. 2. Photo of experimental setup for time reversal extended
target imaging.

to increase surface roughness. Fig. 2 shows the extended tar-
get standing on the floor, surrounded by many scatterers. Note
that the PVC rods are wrapped with aluminum foil to enhance
signal reflection. An absorber wall is placed behind the scat-
terers to avoid reflections from outside the scattering environ-
ment.

The two-dimension SAR data is measured by a network
analyzer working in the range of 4 — 6 GHz. We collect a
total of 201 sample points in the frequency domain. These
frequency sample points are the range data. The cross range
data is obtained by moving the antenna along a position slider.
The position slider is 1 meter long. We collect frequency sam-
ples at a total of 30 positions along the position slider. Hence,
we obtain the data samples S¢(wgq, un), Wheren =1, -- -, 30,
and ¢ = 0,---,200. We measure the scattering scene twice:
the first time, we measure the clutter only environment, the re-
flected radar data is organized as S.(w,, u,,); then, we place
the extended target among the scatterers, the reflected radar
data is organized as Sci:(wq,u,). The discrete target re-
sponse data, denoted by

S(wq7un) = Sc+t(wq7un) - Sc(wqaun)a (19)
is used to implement the TR-SAR algorithm. We follow the
procedure described in section 3 for TR-SAR processing. Due
to space limitation, the multi-look processing is not presented
here and will be discussed in details in another paper.

Fig. 3 depicts the conventional SAR image and the TR-
SAR image of the extended target. The conventional SAR
image shows two blurred pixels of the upper edge of the tri-
angle of the target. There are also many ghost pixels that are
caused by multipath scattering. Due to the orientation of the
target, i.e., the upper edge of the triangle is facing the transmit
antenna array A, only two dominant pixels appear. The two
dominant pixels can be estimated by conventional SAR using
multi-look averaging. Next, TR-SAR focuses on two pixels
of the upper edge of the triangle and shows a cleaner, higher
resolution image. To visually demonstrate the resolution, we
project the two images along range and cross range, respec-
tively. The projection plots are shown in Fig. 4. The range
projection plot in Fig. 4 shows that TR-SAR and SAR have
the same range resolution. This is because both algorithms
use the same frequency banwidth, i.e., 2 GHz. However, the
TR-SAR shows two dominant main beams that correspond to
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Fig. 3. Image of extended target produced by TR-SAR (upper
figure) and by conventional SAR (lower figure) in the spot-
light, bi-static mode. The upper edge of the triangle surface
of the target is imaged. The numbers indicate the locations of
scatterers.

two pixels in Fig. 3. The cross range project plot in Fig. 4
shows that the TR-SAR has improved resolution (about 15
cm) over the conventional SAR (about 30 cm) algorithm us-
ing the same aperture.

5. CONCLUSION

In this paper, we develop a time reversal SAR (TR-SAR) al-
gorithm using a simplified two-point-reflector model for ex-
tended targets. Using experimental electromagnetic data col-
lected in a rich scattering environment, we show that TR-SAR
successfully removes ghost images that are caused by multi-
path scattering, and produces a cleaner target map compared
with conventional SAR.
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