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Abstract—This paper presents a comparison study between
a simple time-reversal algorithm (designed at LEAT) and the
SEABED algorithm (designed at Kyoto University) with their
application to multiple-target experiments. Data are collected
with an eight element ultra-wideband antenna linear array
connected to an eight port vector network analyzer, working
in a frequency bandwidth starting from 1.5 GHz up to 8 GHz.
Several target configurations demonstrate the advantages and
disadvantages of both algorithms.

I. INTRODUCTION

In Surface-Penetrating Radar (SPR) applications, such as
security or landmine detection for instance, signal processing
plays a key role in obtaining images of targets. Different algo-
rithms have been developed for that purpose, combining pre-
processing methods and microwave imaging [1]. Among these,
two algorithms, time-reversal [2] and the Shape Estimation
Algorithm based on BST and Extraction of Directly scattered
waves (SEABED) [3], are promising algorithms for the de-
tection of the location of multiple scatterers. The efficiency of
time-reversal has already been shown in the case of embedded
targets [4], [5] and also in telecommunication applications,
taking advantages of the multipath environment [6], [7], while
SEABED has been seen as a promising candidate due to its
high-speed processing property.
Here we compare time-reversal and correlation (in effect

an adjoint method) and the SEABED algorithms applied on
experimental data, obtained in a multiple-target SPR measure-
ment configuration. The measurement configurations (radar
and geometric configuration of radar scenes) are presented in
Section II while the algorithms are presented in Section III

and IV. In section V we discuss the results and advantages
of each method. Section VI contains a final discussion and
conclusion.

II. MEASUREMENT SETUP
A. Measurement system
The antennas used to build the array are ETS (Exponentially

Tapered Slot) antennas based on Vivaldi type antennas [8].
These antennas have been employed in array experiment by
Chatelée [9] and have a flat S11 response from 1.4 to 20 GHz.
For the experiments we present hereafter, the antenna array is
an 8-element linear array with a spacing of 8 cm between each
antenna. It is connected to an 8-port ROHDE & SCHWARZ
ZVT multi-port vector network analyzer which is employed
over the frequency range from 1.5 to 8 GHz with 2001
frequency points. In this configuration we can have access
up to 64 measured S parameters in a short time.

B. Configuration of radar scenes
Several data acquisitions were used in order to obtain the

results presented in section V. Targets were dielectric or metal
scatterers, placed on a grid for easier location, as we can see in
Fig. 1. Measurements were made in free space and we assume
a two-dimensional reconstruction for simplicity. For all the
experiments, multiple-target configurations were studied.
For the two-target case, we use a metallic cylinder with a

radius of 2.5 cm and a plastic bottle with a radius of 4 cm
filled with saline to approximate human’s body permittivity.
The second configuration corresponds to four aligned plastic
bottles filled with water except for the second one from the
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left which is the saline bottle. They were placed 60 cm from
the front of the antenna array and were spaced 20 cm apart.
For the last configuration, we used the same bottles placed in
a diagonal direction on the grid, the first one being the bottle
of saline.

Fig. 1. Illustration of measurement configuration. The antenna array can be
seen in the top right corner of the image while targets are positioned on a
grid placed in front of the array.

III. TIME-REVERSAL IMAGING ALGORITHM
The algorithm we use herein is an adaptation of time-

reversal imaging [10] and adjoint methods used in seismol-
ogy [11]. We use Claerbout’s definition of a reflector [12] –
the time coincidence of the downgoing wavefield from the
source and the reflected wavefield. The assumption here is
that the source wavefield represents the downgoing or incident
wavefield and that the receiver wavefield consists of the
upgoing wavefield. The time-coincidence of the two wavefields
can be computed by obtaining the zero-lag cross-correlation
between these wavefields at any candidate reflecting point,
allowing us to get a single image of the target locations, even
if energy is not focusing at the same time at the scatterer
positions as in classical time-reversal processing, applied to
single targets.
In practice the algorithm consists of the following steps:
1) Propagate the downgoing wavefield from the transmit-
ting antenna to the candidate reflecting point to obtain
d(t);

2) Time-reverse the recorded wave field at the receiver and
back-propagate it to the same candidate reflecting point
to obtain u(t);

3) At the candidate reflecting point compute the zero-lag
cross-correlation between d(t) and the time reverse of
u(t).

In order to use the foregoing algorithm on real data, a
representative wavelet must be extracted and the antenna
spatial source characteristics must be estimated. We extract a
representative wavelet directly from the data and use a dipole
approximation for the source, which we project onto a plane.
The final two-dimensional image obtained is a stack over all
data collected by the antenna array. In this data acquisition

each antenna acts as a transmitter and all antennas receive the
reflected wavefields from the targets.

IV. THE SEABED IMAGING ALGORITHM

The SEABED algorithm, based on a reversible transform
between the target shape and the received data, and suited to
imaging with the UWB radar, can be used to estimate the target
shape. The foregoing transform is a rigorous mathematical
solution of the inverse scattering problem.
The SEABED algorithm is based on the application of a

matched filter to the signals to pick the maximum peaks in
the data. This matched filter is constructed as the Fourier
transform of the reference signal measured previously. The
curved line (XT ,XR,Y ), called a quasi-wavefront, is estimated
by connecting the picked points. For multiple targets, we
extract the other quasi-wavefronts as follows [13]. We subtract
the reference signal from the received signals by changing the
delay time and the amplitude as estimated when extracting
the first quasi-wavefront. We apply the same method to the
residual signals to obtain other quasi-wavefronts.
After these procedures, we apply the IBBST (Inverse Bi-

static Boundary Scattering Transform) [14] expressed as:

x = X −
2Y 3YX

Y 2 − d2 +
√

(Y 2 − d2)2 + 4d2Y 2Y 2
X

y =

√
Y 2 − d2

Y

√
Y 2 − (x−X)2

where X = XT +XR

2
and d = XT −XR

2
are assumed and YX =

dY

dX
. This transform allows one to obtain the image without

any iteration or repetition process only if the quasi-wavefront
is accurately estimated.

V. IMAGING RESULTS

Figures 2, 4 and 6 show the results of the adjoint time-
reversal processing while figures 3, 5 and 7 illustrate the
application of the SEABED algorithm on the same dataset.
For these experiments, we assume that there weren’t any
targets located at less than 15 cm from the front of the array.
Considering this assumption, the beginning of each signal (up
to 1 ns) can be time-gated in order to remove artifacts like
residuals of the direct coupling between the antennas.
For the three measurement configurations, we note that

targets are well-resolved and retrieved at the correct locations
using the adjoint time-reversal processing. Nevertheless some
artifacts are clearly seen and decrease the image quality. These
are mainly due to the fact that the reconstruction was made
on the differential dataset with very simple pre-processing.
An example of raw data is presented in Fig. 8 where we
can see direct coupling between antennas and environmental
effects that weren’t removed completely by the differential
measurement. Direct coupling can be removed by time gating
as explain above but we will still suffer from residual envi-
ronmental artifacts. Due to the large amount of data, adjoint
time-reversal processing was applied only to the investigation
area that included all the targets. In order to keep the same
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Fig. 2. Adjoint time-reversal result for a two-target configuration. The metal
target was located at 80 cm from the front of the array and dielectric target
at approximately 110 cm.
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Fig. 3. SEABED result for the same configuration as fig 2.

aspect ratio as the SEABED results, zero padding was done
on the image borders.
If we compare the time-reversal results with the SEABED

processing results, we see that, for the two-target case shown
in Fig. 3, the resolution is significantly enhanced. Focusing
occurs on the front interface of the targets which leads to
efficient detection. However, if we look at the two four-
target cases, in Fig. 5, the SEABED algorithm does not work
properly, mainly due to the fact that this particular target
configuration gives recorded signals with scatterer echoes very
close to each other. This proximity leads to interference which
affect the quasi-wavefront extraction procedure as we can see
by comparing Fig. 9 and Fig. 10. The diagonal four-target
case presented in the Fig. 7 works well despite the fact that
the furthest target is not detected. The other three targets are
detected at the proper locations and we obtain very good
resolution.

VI. CONCLUSIONS
In this paper, we presented inverse scattering imaging

results, using the SEABED method and the combination of
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Fig. 4. Adjoint time-reversal result for a inline four dielectric target
configuration. The dielectric targets were located at 60 cm from the front
of the array.
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Fig. 5. SEABED result for the same configuration as fig 4.
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Fig. 6. Adjoint time-reversal result for a diagonal four dielectric target
configuration. The first dielectric target was located at 60 cm from the front
of the array.
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Fig. 7. SEABED result for the same configuration as fig 6.
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Fig. 8. An exemple of one of the measured signals coming from the scatterers
for the four diagonal target case.
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Fig. 9. Extracted quasi-wavefronts from the two-target case measured signals.
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Fig. 10. Extracted quasi-wavefronts from the inline four-target case measured
signals.

conventional time-reversal processing with adjoint methods,
on measured data obtained using an eight element UWB linear
antenna array.
This study showed that the SEABED method gives, under

certain conditions, high-resolution images leading to very good
results, but does not work for all the measurements, especially
when the targets are close together. A reliable method for
quasi-wavefront extraction, making the SEABED algorithm
more efficient regardless of target configuration, is under
investigation.
On the other hand, adjoint time-reversal processing gives

stable results for all the configurations, with all targets detected
at the correct position. Proper pre-processing of the collected
data and a better estimation of the wavelet shape, used in the
adjoint reconstruction will improve the image quality. These
improvements are currently being implemented.
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