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Abstract— This paper presents detection and imaging capa-
bilities of a simple time-reversal focusing algorithm, applied
to experimental data that are obtained under various radar
scene configurations (single- or multiple-target in free-space or
through-the-wall). Data are collected with the ultra-wideband
surface penetrating radar SIMIS (Synthetic-Impulse Microwave
Imaging System, designed in LEAT) which operates almost
from dc up to 18 GHz. The algorithm propagates time-reversed
received signals in a supposedly known medium (either free-
space or through a wall with known parameters) using a simple
dipole model for the antennas. At each time step, an image of the
scene is obtained, corresponding to the instantaneous electric-
field energy in each pixel. A focusing criterion, looking for a
minimum of entropy combined with a maximum of energy in
the image, automatically selects the optimum frame, shown here.
Two free-space (dielectric target, dielectric and metallic target)
and one through-the-wall (dielectric target) configurations are
investigated, showing the efficiency of the method.

I. I NTRODUCTION

In GPR and, in a wider sense, Surface-Penetrating Radar
(SPR) applications, signal processing plays a key role in
obtaining images of targets. Different well-known techniques
combining pre-processing treatments and microwave imaging
are currently used to construct an image of a scene [1].
Recent research shows that time-reversal (TR) data processing
in acoustics and electromagnetics (narrow-band configuration)
is a very efficient method to detect positions of transmitters
(see [2] for a topic review). Time-reversal has been also
successfully applied to ultra-wideband (UWB) telecommuni-
cations in a multipath environment [3], [4], leading to data-rate
improvement. The efficiency of time-reversal has already been
shown in the case of embedded targets [5], [6].

Here, we propose to investigate TR for experimental SPR
applications in a multiple-target configuration. The paperis
structured in five sections. The experimental setup (SIMIS
radar and geometric configuration of radar scenes) are pre-
sented in Section II. The TR algorithm, together with an ap-

propriate optimum focusing frame selection criterion, is given
in Section III, while Section IV presents experimental imaging
results for both metallic and dielectric targets. Section V
contains a final discussion and conclusion.

II. M EASUREMENT SYSTEM AND EXPERIMENTAL

CONFIGURATIONS

A. Measurement system

Data are collected with the SIMIS (Synthetic-Impulse Mi-
crowave Imaging System) radar [7], [8]. This system consists
of a linear array of eight ETS (Exponential Tapered Slot)
antennas, presenting an SWR< 2 over the frequency band
1.4−20GHz [9]. Each antenna of the array can be used either
as a transmitter or a receiver by means of two electromechani-
cal microwave 1-to-8 multiplexers. A two-port vector network
analyzer provides RF signal to the transmitting antenna and
measures reflection and transmissionS parameters.

In a first configuration of the system, called “SIMIS config-
uration”, all antennas of the array play the role of transmitter
and receiver. Thus, we have access to sixty-four measurements,
linked to all possible different couples of emitting/receiving
antennas, without moving the array. Measured data comprise
the eight S11 parameters as well as the fifty-sixS21 pa-
rameters, corresponding to all possible combinations of eight
transmitting and eight receiving antennas.

An alternative approach is to use an extra antenna for
transmission and then measure just the eightS21 parameters.
This acquisition scheme, called “hybrid configuration” (Fig.1),
does not use anyS11 parameters. Among the advantages of
this configuration is the possibility to move and locate the
transmitting antenna independently of the array, to use differ-
ent emitting antennas (dipole, horn, . . . ), possibly associated
with an amplifier.

Measurements are made in the frequency domain, in the2−

8GHz frequency band, with a frequency step of15MHz (401



Fig. 1. The SIMIS radar, consisting of one emitting antenna (top right) and
an eight-element receiving array.

points). We perform differential measurements (with / without
the target) and obtain, by subtraction, the scattered electro-
magnetic field coming from the target only (assuming no
interaction between the target and the background). Time-
domain signals are then obtained by an inverse (fast) fourier
transform.

B. Experimental configurations

Three experimental radar scenes are presented here. The
first one consists of a plastic bottle filled with salted water,
placed at 40 cm with respect to the center of the array. The
second experiment (Fig. 2) includes the same bottle of salted
water as well as a metallic cylinder, located quite close to each
other (about3λ/5 at the lowest frequency). In both cases, we
deal with a free-space configuration. Measurements are made
using the “SIMIS configuration”.

In the third experiment, the same bottle is centered in front
of the array buthidden behind an interface, a through-the-
wall (TTW) configuration. The wall is7 cm thick, located at
41 cm from the array. The target is at33 cm from the wall,
thus81 cm from the array. Measurements are made using the
“hybrid configuration”.

III. T IME-REVERSAL METHOD

A. Principle

In order to image the radar scene, we simulate the propaga-
tion of time-reversed versions of the signals recorded by the re-
ceiving antennas. Under space and time reciprocity conditions
(that are clearly satisfied here), this time-reversal processing
gives us information on the measured wave past: the unknown
targets, considered as an effective set of secondary sources, are
detected as the origin of the wave.

The time-reversal method applied here is schematically
illustrated in the case of a simplified radar scene (Fig. 3)
in the sequence of Figures 4, 5 and 6. We can see that
time-reversed propagated signals interfere constructively at the
scatterer location.
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Fig. 2. Multiple-target experiment geometry: dielectric bottle filled with
salted water and metallic cylinder, in free-space.
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Fig. 3. Simplified geometry used to illustrate the time-reversal algorithm
(Figs. 4 to 6).
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Fig. 4. A pulse, emitted att = 0 by Tx (Fig. 3), recorded byRx1 (blue)
andRx2 (red).
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Fig. 5. Receiver signals (Fig. 4)after time-reversal: pulses are flipped with
respect to the origin,t = 0.
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Fig. 6. Time reversed signals (Fig. 5) after propagation fromeach receiver
to the target: pulses arrive simultaneously on the right space point, resulting
to focusing.

B. Algorithm

Our implementation of the time-reversal principle has been
discussed in [10]. At each pixel of the investigation domain,
we assign the sum of appropriately time-shifted and attenuated
(under free-space propagation) copies of the time-reversed
recorded signals after taking the time derivative1.

In this paper, we propose three extensions to the previously
published algorithm. We model the array antennas as small
dipoles, instead of point-like sources. The presence of a wall
(in a TTW configuration) is taken into account by a simple
phase-correction model: an extra time-shift is applied accord-
ing to the length of the intersection between the antenna-pixel
line and the wall, assuming that the wall position, thickness,
and permittivity are known. Finally, instead of showing images
of the energy path (accumulated electric-field energy over the
entire measurement time window), which contain only space
focusing information, we develop a technique to automatically
select the time frame when the energy is focused in the image.

C. Time focusing criterion

The aim of this section is to illustrate an efficient systematic
way to retrieve the time where the wave focusing is optimum,
i.e. the time frame when the energy is concentrated at the
location where the target initially was. By assigning to each
pixel the value of the instantaneous electric-field energy,
wave focusing is equivalent to a “well-ordered” image: if we
calculate the image entropy at each time step, the minimum
should correspond to the optimum focusing. This image can
be used to detect the target.

In our case, the image entropy is defined as

Ht
= −

∑

i

∑

j

pij ln pij (1)

where t denotes time,i and j are the coordinates of the
considered pixel in the image mesh, andpij is the energy
of the pixel normalized with respect to the total energy in the
image, so that values ofpij are always between 0 and 1.

1This time differentiation is justified by the fact that the sources in the
electric-field wave-equation

∇
2
E −

1

c2
∂2

E

∂t2
= µ

∂J

∂t

appear in the form of∂J/∂t. Data measured with the VNA are voltages at
the connector of the antenna and thus are proportional to thecurrent induced
by the impinging electric field; using these measurements as an electric-field
excitation signal necessitates the time differentiation ofthe equivalent current
source.
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Fig. 7. Image obtained with the one-target experimental data after simulated
free-space propagation of time reversed received signals; colors represent the
instantaneous electric-field energy, normalized with respect to maximum, in
dB.

In order to favour time frames corresponding to ordered
images that effectively contain energy,Ht is divided by the
maximum energy among all the pixels in the frame. The search
for the optimum time frame starts at the moment when energy
begins to accumulate in the image and stops when total energy
begins to drop.

IV. RESULTS

We process the experimental data with the time-reversal
algorithm and apply the focusing criterion of the previous
Section to automatically select the optimum frame, in terms
of electric-field energy focusing in the image. Results for the
three radar scenes described in Section II-B are shown here.

The dielectric target in free-space (bottle with salted water,
first configuration described in Section II-B), is imaged quite
clearly (Fig. 7), at the exact position. We note the high energy
levels on the back side: they correspond to a wave reflection
from a slow (salted water) to a fast (free-space) medium, in
accordance with basic electromagnetic theory.

The image of the second radar scene (bottle and metallic
cylinder, Fig. 2) presents some blur (Fig. 8), probably due
to mutual coupling between the two targets, located close
together. However, the targets are well separated and the
metallic cylinder (left) shown at the exact location. We note
that the image shown here presents the best focusing over
all time frames produced by the propagation of time-reversed
signals.

The third image (Fig. 9) shows the bottle behind the wall.
The focusing spot is wider than the one obtained in free-space
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Fig. 8. Image obtained with the two-target experimental data (Fig. 2) after
simulated free-space propagation of time reversed received signals; colors
represent the instantaneous electric-field energy, normalized with respect to
maximum, in dB.

(Fig. 7), mainly because of the simple model used to take
into account the wall — just a phase correction, as explained
in Section III-B. The target is found at the correct location.
For this image, we useεr = 2.12, obtained after time-delay
measurements.

V. CONCLUSION

It has been demonstrated in this paper that the time-reversal
algorithm is a good candidate for microwave data processing
used for the detection of targets in free space or situated behind
an interface.

The focusing criterion, based jointly on entropy and energy
considerations, allows the automatic selection of the optimum
time frame. Imaging results are very good for a single target
configuration, but a bit blurred in the two-target configura-
tion, mainly due to coupling between targets. In the TTW
configuration, the target is imaged correctly, but with some
noticeable spread in the image. Future research will include
the investigation of target separation by the MUSIC or DORT
algorithms, examination of algorithm robustness when using
time-gating on raw data (no differential measurements) and
two-dimensional data acquisition by antenna array translation.
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Fig. 9. Image obtained with the through-the-wall experimental data after
simulated free-space propagation of time reversed received signals; colors
represent the instantaneous electric-field energy, normalized with respect to
maximum, in dB. The upper part of the image,0− 60 cm, (not shown here)
contains no energy at this time step.
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