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Detection and localization of shallow buried targets: experimental results
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Abstract

Experimental results concerning the detection and local-
ization of shallow buried targets are shown. The imaging
method relies on a convenient two dimensional mathemat-
ical formulation, in which the third spatial dimension, that
is the depth, is neglected. The input data are bistatic mea-
surements, where the source is fixed and the receiving an-
tenna moves onto a plane parallel to the air/ground inter-
face. Each set of spatial measurements is taken at one sin-
gle frequency. The use of several sets, taken at different
frequencies, allows to perform detection and localization
with few (undersampled) spatial data.

1 Introduction

In ground penetrating radar (GPR) applications there is
a growing interest in achieving target detection through
non-contact measurement layouts, for example, with GPRs
mounted on a flying platform [1, 2]. This configuration al-
lows to inspect electrically large spatial regions even if the
area is not easily acessible otherwise. In this framework, the
large the number of measurements to be managed on board
from one side, and the need to syncronize receviers and
transmitters from the other side, may constitute technical
limitations [3]. In order to counteract such drawbacks, we
have recently introduced a microwave imaging algorithm
that looks for the scattering targets in terms of equivalent
surface currents supported over a given reference plane [4].
While this method is suited to detect shallowly buried tar-
gets, it allows one to independently process all frequency
data, and hence the source and the receivers do not need
to be synchronized. Moreover, spatial data can be reduced
to a large extent, without any aliasing artifacts, by properly
combining single-frequency reconstructions [5, 6]. Here,
we report some experimental results that show the feasibil-
ity of the method. In particular, the experimental test site
consists of a sand box in open air where a metallic plate
is shallowly buried (at few centimetres) under the air/soil
interface. The investigated region is illuminated by a fixed
transmitting horn antenna, whereas the scattered field is col-
lected over a planar measurement aperture at a fixed height
from the air-sand interface (see Figure 1). The transmitter
and the receiver share only the working frequency informa-
tion.
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Figure 1. Schematic side view of the measurement config-
uration (top) and photo of the test site (bottom).

2 Method

A detailed derivation of the model can be found in [5, 6],
here we outline only the basic steps. We consider a two-
layered background medium with the upper half-space be-
ing air, while the lower one models the soil. A cartesian
reference system with vertical z-axis is considered where
the air/soil interface is located at z = 0. The targets are
located in the lower half-space (i.e., for z < 0), buried in
close proximity to the separation interface. We look for
the targets inside a 2D investigation domain denoted as
D = [—xp,xm] X [—ym,ym]| at the fixed depth z7. The scat-
tering scene is probed by a single source located in the up-
per half-space at some stand-off distance from the air/soil
interface. The field scattered by the buried targets is col-
lected over a set of positions still located on the air side
and all at the same height /. By invoking the equivalence
theorem [7], the scattered field can be considered as being



radiated by equivalent surface magnetic currents supported
over the plane z = z7. Each cartesian component of such an
equivalent current is represented as
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where I, are the Fourier coefficients at the /-th frequency
k; and the exponentials represent the two-dimensional
Fourier spatial harmonics in the domain of investigation.
The support of such current denotes the presence of targets.
It can be shown that the voltage measured at each receiver
location is linearly related to the (unknown) current distri-
bution by an operator taking into account the receiving an-
tenna response. After passages that we skip here for brevity,
we arrive at the discretized model

V(k)=H-I, )

where V(k;) € CNo is the data vector, that is the voltage
measured at Np locationd inside D, H € CNox(N+1)(2M+1)
is the matrix version of the scattering operator (whose com-
putation requires the knowledge of the frequency, of the
measurement point locations, of the antenna response in
terms of gain and polarization, but not of the source loca-
tion), and I € CEN+D@M+1) ¢ the (vectorized) matrix of
the Fourier coefficients I,,,, of the current. Accordingly, the
unknowns of the problem now become the expansion coef-
ficients I,,,,. The choice of N and M is linked to the so-called
number of degrees of freedom of the problem, reflects the
ill-posedness of the inverse problem at hand, and depends
on the operating frequency as well as on the investigation
and the observation domain extensions [4, 5].

Equation (2) is inverted for I by a standard Truncated Sin-
gular Value Decomposition (TSVD) [8] of the relevant ma-
trix operator. This allows to counteract the ill-posedness
of the problem and to obtain a stable reconstruction. Once
the coefficients ,,,, have been recovered, the corresponding
equivalent current Jo, (X, y; k;) is computed by means of (1).
Then, the support of such an equivalent surface current is
provided by the image in the x,y investigation domain,

1(x,y3 k1) = [Jeq (X, ¥ K1) 3)

In order to limit the system complexity, the number of spa-
tial data must be reduced. This in general can lead to a re-
construction that is corrupted by aliasing artifacts that are
difficult to distinguish from the actual current. To cope
with this drawback, a simple strategy based on the combi-
nation of single-frequency reconstructions has been intro-
duced in [5]. In more detail, suppose that N, is the number
of adopted frequencies; then the final reconstruction is ob-
tained as

I(x,y) = I0% 1(x,y: k). (4)

The very basic idea behind (4) is that aliasing artifacts
change positions with the working frequency, whereas the
actual source reconstruction does not. Therefore, (4) tends
to mitigate all those peaks in the reconstruction that do
not overlap (or overlap only partially) while the frequency

changes. A criterion for the choice of the frequencies is
provided in [5]. In sum, the algorithm presents the follow-
ing steps:

1. fix one frequency value;

2. compute the scattering matrix model H;

3. compute the SVD of H;

4. fix a regularizing threshold for the normalized singular
values of H (in the following experimental results, 20dB
is used) and compute the unknown vector I via a TSVD
inversion by retaining the data projection over the singu-
lar vectors corresponding to the singular values above the
threshold;

5. calculate I(x,y; k) by (1) and (3);

6. repeat from step 1 to step 5 by changing the frequency
value;

7. compute I(x,y) from (4).

3 Experimental Results

The test site consisted of a tank full of sand of about 3.5 m
(Iength) 2.5 m (width) and 1.5 m (depth) in size. The tank
was placed in the open air so that the sand appeared wet,
apart from the very surface layer, which was dried by sun.
The electromagnetic features of the sand were unknown and
were not estimated (as they are not needed for detection
purposes).

The transmitting antenna was a horn positioned ata h, = 1.5
m height from the sand floor and located at one of the end
sides of the tank. It was tilted to point to the spatial region
under investigation. The receiving antenna was still a horn
and was located on the other side of the tank. In partic-
ular, it was mounted on a wooden slide that allowed it to
synthesize a planar measurement aperture at a fixed height
ho from the air/sand interface. The receiving antenna was
tilted toward the investigated spatial region and was linearly
polarized. Figure 1 shows a schematic view of the measure-
ment configuration along with a picture of the test site. A
metallic rectangular plate 17.5 cm x 48 cm in size was used
as target. A vector network analyzer was connected to the
antennas by means of coaxial cables. Standard calibration
at the end of each channel was performed at the beginning
of each measurement stage in order to avoid mismatch be-
tween VNA and cables.

The investigation domain is a rectangle of 160 cm along
the x and 100 cm along the y direction, and it is located at
zr = 0. We also introduce the two parameters offsetx and
offsety, which indicate the displacement, along the x and
y directions, respectively, of the center of the investigation
domain with respect to the central point of the first mea-
surement line (see Figure 2 for the reference system). Ba-
sically, after acquiring the data, changing the investigation
domain center location (by varying the offset parameters)
entails looking for the targets in different spatial regions.
Accordingly, the same target will appear at different rela-
tive positions. This can be considered as a way to check re-
constructions’ consistency and stability. A detection can be
considered successful if the target localization point moves
coherently with the displacement of the investigation do-



main center.

For the example below, we collected data over a grid of
8 x 7 positions. To this end, the receiving antenna scanned
the measurement aperture with a spatial step (along both
the x and y directions) of 20 cm and hp = 130 cm. The
spatial data are under-sampled, and to overcome aliasing
we processed data collected at N = 11 frequencies within
the band [2-4] GHz, in order to be as close as possible to
frequency selection criterion provided in [5]. In Figure 3

Reference system

First measurement line y
measurement points

/

O L D N

Investigation
domain

Xy X

offsety |

sand

offsetx

Figure 2. Investigation domain and measurement points;
the reference system is centred on the investigation domain.

we show the reconstruction of a shallowly buried target ob-
tained by employing all the available frequencies. As can be
appreciated, the target is clearly detected and the related hot
spot indicator changes position accordingly to the investiga-
tion domain center offset. In rder to appreciate the role of
the reflection from the ground in Figure 4 we report the re-
constructions obtained by processing background data, i.e.,
data collected in absence of the target. Differently from the
target case, now the reconstructions do not exhibit a clear
hot spot. Moreover, the reconstruction changes as the inves-
tigation domain center offset varies. This entails that pro-
cessing air/soil interface reflection does not return a focused
hot spot. Furthermore, the reconstruction corresponding to
this contribution is in general different when the investi-
gated spatial region changes. Eventually, these results sug-
gest a possible strategy to recognize actual targets against
surface clutter. Indeed, comparing images obtained using
different investigation domain offsets, the actual targets are
those ones for which the reconstructions “move” coherently
with the change in the investigation domain center.

In Figure 5 the investigation domain is kept fixed with
offsetx = 2.0 m, offsety = 0.3 m and different number of
frequencies N; are employed. As can be seen, when Ny, in-
creases, the aliasing artifacts actually tend to disappear and
the hot spots narrows. This is, of course, expected and per-
fectly consistent with the theoretical arguments discussed
in [5].
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Figure 3. Normalized reconstructions of a shallowly buried
target for two different investigation domain offsets. The
actual target location is indicated by the red rectangle.
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Figure 5. Comparison of reconstructions obtained by em-

ploying different number of frequencies Ni. The actual tar-
get location is indicated by the red rectangle.



