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ABSTRACT ARTICLE HISTORY
A conventional synthetic aperture radaj (SAR)-based technique for Received 10 November 2016
soil permittivity estimation is presented in this contribution. Accepted 15"May, 2017

Ground penetrating jaday imaging techniques are mainly based
on SAR imaging algorithms that take into account the wave
velocity in the soil for accurate imaging of buried objects.
Reflectometers, datasheets, and indirect observation methods are
commonly considered for soil characterization. However, factors
such as humidity and temperature may cause some variations in
the soil constitutive parameters. This contribution proposes a
methodology foy iry situ characterization of soil permittivity, using
the known position of a reference object and the application of
conventional SAR imaging to recover the reflectivity image, from
which the required information to calculate the complex permit-
tivity can be extracted. Experimental validation in both controlled
and realistic scenarios proves the capability of the proposed tech-
nique to recover the permittivity of different types of soif and to
improve the quality of the Underground-SAR image.

1. Introduction

Development of improved imaging techniques for buried objects detection has poten-
tial applications in a<wide‘range of different fields, such as civil engineering (identifica-
tion of pipes and cracks), archaeology (detection of buried ruins), and security
applications“(landmine detection). In this sense, ground penetrating radar (GPR) is a
well-mature-technique (Chen et al. 2007; Stove et al. 2013) capable to detect both
metallic and dielectric targets (Gamba and Belotti 2003; Daniels 2006).

Down-Looking GPR synthetic aperture radar (SAR) systems (Rosen and Ayers 2005)
achieve high-resolution in-depth through transmitting ultra-wide-band signals but suffer
from strong specular reflections from the ground surface. Most of these systems use
transmit and receive antennas mounted at the front or bottom of a moving vehicle and
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directed downward. Forward-Looking GPR SAR systems (Liu et al. 2003) use antennas
that look ahead of the vehicle, with a standoff distance up to a few tens of metres. These
systems achieve worse resolution since they present a smaller effective synthetic aper-
ture but they reduce the reflections from the ground surface and they are safer for the
vehicle operator.

Multiple SAR-based algorithms as migration techniques (Marpaung and Lu 2014) or
Delay-And-Sum (Johansson and Mast 1994), among others, can be used to reconstruct
images for buried objects detection. All these methods require the correct soil wave
velocity in order to provide a well-focused image and to reduce false alarms. Soil wave
velocity is calculated from the knowledge of the soil constitutive parameters, namely
conductivity and permittivity.

Soil characterization can be done indirectly from datasheets (Dielectric Constant 2016),
observation methods (Martinez and Byrnes 2001; Wang and Schmugge-1980), measure-
ment of samples in laboratory using waveguide (Gadani and Vyas 2008),-coaxial probe
techniques (Sreenivas, Venkataratnam, and Rao 1995; Matzler 1998; Komarov, Wang, and
Tang 2005; Abdelgwad and Said 2016), and strip-line structures (Vall-Llossera et al. 2005).
In situ soil characterization can be carried out mainly by means of reflectometers,
capable of providing estimation of conductivity, permittivity, and also moisture
(Robinson et al. 2003; Skierucha et al. 2012).

The use of both a reflectometer and a GPR for accurate subsurface imaging increases
the cost and complexity of the system, as in some cases, the cost of a reflectometer is
within the same order of magnitude as the .GPR. Therefore, the possibility of using the
information collected by the GPR to estimate the soil constitutive parameters would
avoid the need for a reflectometer, reducing-hardware cost.

This contribution proposes a simple-technique to estimate the complex permittivity
of the soil using a simple reference target (e.g. a metallic plate) and the SAR image
retrieved from the backscattered field. The method works under the assumption that the
soil permittivity is approximately.constant in the area to be scanned, which is realistic in
some scenarios (e.g. sandy soil 'scanning). The method can be of interest as a low-cost
solution for soil characterization’in GPR imaging applications avoiding the need of a
reflectometer.

The wave velocitycan-be calculated from the recovered complex permittivity, and it
can be employed ‘as input in Underground-SAR imaging algorithm to increase the
quality of the reconstructed images. Furthermore, this estimation of the soil losses can
be used as well for a priori estimation of the maximum depth at which a target of a
given size can'be detected.

2. Methodology
2.1. Underground-SAR imaging

The main purpose of Underground-SAR (Martinez-Lorenzo, Rappaport, and Quivira 2011)
is to reconstruct images of underground targets, as opposed to conventional SAR
(where the targets are above the ground). Assuming a multiple quasi-monostatic con-
figuration, the transmitting and receiving antennas are in one medium (air), at almost
the same location, and the targets are embedded in another medium (e.g. sandy soil).
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Given a set of scattered field measurements E..,; collected on a discrete number of
points N and frequencies N, the reflectivity at a single point p(r'), where r is the single
point represented as a vector of Cartesian coordinates (x, y, z), can be calculated as in
Equation (1):

f

N
p(r) = Excarlfn, rm)e 2 ®1442), (1)

n=1 m=1

where j denotes the imaginary unit, j = v/—1. ¢, is the phase shift corresponding to a
wave propagating from the transmitting antenna (placed at the point r,,) to the refrac-
tion point r; at the air-soil interface, and ¢, corresponds to the propagation between r;
and the underground point (r) where the reflectivity is computed. f, denotes each
discrete nth frequency. Specifically, these phase shifts are given by Equations (2) and (3),
where the wave number in free space for the nth frequency is givenby kg, =2 f, /co
(co is the speed of light in the air). k;, = kon (e,,c)”2 is the wave number in-a soil with
relative complex permittivity &, (where subscripts ‘r' and ‘c’ indicates ‘relative’ and
‘complex’). R(k; ,) denotes the real part of the wavenumber ky .

@, = konti — 'ma. (2)

¢2 = %(km)r' — lia! (3)

Therefore, in order to apply this method, the refraction” point at the air-soil interface
must be estimated. Instead of solving a fourth-order equation (derived from Snell’s law),
an extension to 3D of the iterative approximation given in Appendix | of Alvarez et al.
(2015) is used to estimate r;.

If the reconstruction is performed above the ground (i.e. only one medium is
considered), then the exponent|in Equation (1) equals + j2kont’ — rms.

2.2. Material characterization from SAR

If conventional SAR imaging is applied to a background medium with €, # 1 character-
ized as free space; it is-well known that the echoes of targets in that background
medium will-appear displaced downwards in the SAR image with respect to their true
position-due. to‘the slower propagation speed of the waves.

Thus, the composition of the background medium (real part of €, ) can be estimated
provided that the position of a reference target is known. This inverse strategy has been
tested in Gonzalez-Valdes et al. (2013) for the characterization of lossless dielectric
bodies, but it can also be applied to recover the real part of the permittivity of any
medium, provided the reflection associated to the reference target can be identified in
the SAR image.

The relationship between the phase terms of Equations (2) and (3) considering air and
soil, and the same phase terms but considering air in both cases, for a single frequency
and one observation point yields (please refer to the demonstration presented in
Gonzalez-Valdes et al. (2013)):

2dechoko,n = 2C"obj (k1,n - kO,n) = 2dobjko,n (%(\/‘E) - 1)7 (4)
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where decho is the distance between the true position of the reference target and the
position where the reflectivity associated to that target appears in the SAR image, and
dobj is the distance between the air-soil interface and the true position of the reference
target. Then, assuming R(g, ) > (g, o), the real part of the permittivity of the medium
can be estimated as in Equation (5):

gce(“fr,c) ~ (1 + decho/dobj)z- (5)

The medium losses (imaginary part of €., (€. o)) can also be estimated by taking one
additional measurement with the target placed on top of the medium to be character-
ized. Assuming local plane wave approximation, the reflectivity amplitude difference
when the target is buried |Ppuried (dob;)l and when placed on top of the medium |pyop| is
given by Equation (6):

In(‘pburied (dobj) \/\ptop|) = adobj- ©)

In Equation (6), a is the attenuation constant in neper (Np) per metre, No.m™', where

neper is the logarithmic unit for ratios of measurements (similar. to decibels). The
attenuation constant a is related to the imaginary part of the:complex wavenumber
(and thus the permittivity) as

2
o = konS(V/Ere), Slere) ~ %(( R (&) +12";;’> ) 7)

where R(g, ) has been estimated previously in Equation (5).

The flow chart of the proposed conventional SAR-based technique for soil character-
ization is summarized in Figure 1. Note“that estimation of R(g ) just requires one
measurement with the reference’ target \buried at known depth, dg;. In the case of
3(e, o), an additional measurement with the reference target on top of the medium to be
characterized is required:

3. Application-examples

In the following sections-and subsections, XY, XZ, YZ denote planes. z y, x denote the
position of the XY, XZ,.and YZ planes, respectively. X, Y, Z denote size or length.

3.1. XYZ measurement range description

First, the proposed technique has been experimentally validated on a controlled
scenario using the XYZ measurement range described in Arboleya, Alvarez, and
Las-Heras (2013). A N5244A PNA-X microwave network analyser has been used to
collect the measurements. Two helix antennas with S11 parameter below —20 dB
from 3 to 6 GHz, circular polarization and reverse handedness in a quasi-monostatic
configuration, as shown in Figure 2, have been used. The acquisition grid is a
rectangular synthetic aperture of size (X,Y) = (90, 100) cm sampled every 2.5 cm,
that is, 0.5 A at 6 GHz, and placed 90 cm above the floor of the measurement facility
(XY measurement plane at z = 135 cm in the coordinate system used in this
contribution).
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Figure 1. Overview of Underground-SAR imaging and context in which the proposed conventional
SAR-based technique for constitutive parameters characterization is introduced.

3.2. Sand characterization 155

A 10-cm-side square _metallic target is employed as reference target for medium char-
acterization. First,two metallic targets are placed on top of a plastic box of size (X,Y,2) =
(45, 62, 32)-cm_ filled with dry sand up to a height of 22 £ 1 cm (see Figure 2). The
measurement facility-floor has a layer of absorbers on top of a metallic plate, which had
to be partially'removed to avoid damaging, so the sand box is placed right above the 160
metallic plate,
Conventional SAR imaging is applied to the scattered field measurements to compute
the reflectivity of the sand box with the two metallic targets on top. Results are depicted
in Figure 3 for XZ (Figure 3(a)) and YZ (Figure 3(b) and 3(c)) planes. Reflectivity is
normalized with respect to the maximum of all the SAR images of Section 3.2. 165
Next, the two metallic targets are buried in the sand at a depth of d,,; = 9 cm. Again
the scattered field is measured and conventional SAR imaging is applied to obtain the
reflectivity. Results are depicted in Figure 3(d)-(f) for XZ and XY planes. Placement of the
two metallic targets can be clearly noticed (Figure 3(d), XY plane at z = 50 cm, and
Figure 3(f)). Note the lower reflectivity with respect to the case where the targets were 170
on top of the sand. As expected, these reflections occur deeper than the position where
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Figure 2. (a) Measurement setup: XYZ positioner, transmitting and receiving antennas, and sand
box. (b) Detail of the metallic target used as reference.

the metallic targets actually are (it should be at the XY plane at z= 57 cm). Sand complex

permittivity can be recovered from the knowledge of dapj/ decho, @and the SAR images.

From Figure 3(d) and dopj = 9 €M, decho =66 £ 1 cm =9 cm - 50 cm =7 £ 1 cm. Thus,

applying Equation (5), R(g, ) is estimated within the range [2.7 3.5]. 175
For (g, o) the amplitude of the normalized reflectivity associated to the metallic target on

top of the sand box, |psop|, and buried.in the sand, |opuried (do;)|, is considered. From Figure 3

(@) |otop| = =5 + 1 dB (z= 66 cm), and from Figure 3(d) [opuried (dobj)| = =12 % 1 dB (z=50 cm).

After applying Equation (6), a=[7.7 10.2]). The imaginary part of the permittivity is calculated

from Equation (7) (centre’frequency, f = 4.5 GHz, is considered), (g, ) = [0.27 0.41]. 180
The echo of the metallic plate (the measurement facility floor) below the sand box

can also be noticed (Figure 3(a) ahd 3(d), z= 28 cm). As the sand thickness is dsang = 22 +

1 cm, the echo’due to the reflection on the metallic plate of the measurement facility

floor is dhoorecho =66 £ 1¢mMm —22 cm - 28 cm = 16 £ 1 cm. From dg,nq and daoorecho the

real part.of the permittivity is estimated yielding ¥(, ) = [2.8 3.3], which is in agreement 185

with the values recovered using the metallic target.

3.3. Loamy soil characterization

Second test is devoted to analyse a different kind of medium with higher losses than sand.
For this purpose, a second box has been filled with 20 +£ 1 cm of loamy soil, as shown in
Figure 4(a). A larger 20 cm x 20 cm metallic plate has been chosen as reference target due 190
to the fact that the higher losses of loam prevent the 10 cm X 10 cm to be detected even
if shallowly buried. The sand box is placed next to the loam for reference purposes and
also to test the detectability of an arbitrary-shaped metallic target (Figure 4(b)).

Conventional SAR imaging has been applied to the following cases: (i) the metallic
plate is placed on top of the loamy soil and there is no metallic target in the sand 195
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Figure 3. Reflectivity SAR images. Two metallic targets placed on top of a sand box (a—c) and buried
in the sand (d-f). (a,d) XZ cut, plane y = 14 cm. (b,e) XY cut, plane z = 66 cm (sand surface). (c,f) XY
cut, plane z = 50 cm. Air-sand interface: z = 66 + 1 cm.

(Figure 5(a) and 5(d)); (ii) the metallic plate is buried dopjjarge = 4 ¢m in the loamy soil,
and the arbitrary-shaped metallic target of Figure 4(b) is buried dopjar, = 5 ¢cm in the
sand (Figure 5(b) and 5(e)); and (iii) there are no targets buried neither in the sand nor in
the loamy soil (Figure 5(c) and 5(f)).



8 Y. ALVAREZ ET AL.

COLOUR
FIGURE

L 20x20¢

yzaxis.
y-axis

X axis

Figure 4. Measurement setup. (a) Two boxes filled with loamy soil and sand. A-20 cm X 20 ¢cm
metallic plate is used as reference object for the loamy soil. (b) Metallic-object buried in the sand.

A qualitative analysis of the reflectivity for the three cases depicted in Figure 5 shows 200
that: (i) the loam losses are so high that the reflection from the metallic plate below the
plastic boxes cannot be detected. Note the high detectability in the case of sand (z =
28 cm, Figure 5(a)-(c)); (ii) even being the 20.cm x 20 cm metallic plate larger than the
arbitrary shape object, their detectability is similar (Figure 5(b) and 5(e)), in agreement
with the expected sand and loamlosses. 205

Next, the complex permittivity of the loam’is recovered from the reflectivity values of
Figure 5. Given dopjjarge = 4 €M aNd dechojlarge = 6 £ 1 cm, then R(e, ) = [2.5 3.2]. In the
case of the imaginary part, (g o), |Ptop,arge] = 0 = 1 dB from Figure 5(a) (z = 64 cm) and |
Pouried,large(dobjlarge)] = =7+ 1 dB ffrom Figure 5(b) and 5(e) (z = 54 cm). After applying
Equation (6), a =-[17.323.0} Finally, from Equation (7), the imaginary part of the 210
permittivity is estimated.within the range (g, ) = [0.58 0.88], that is, twice the one
for sandy soil.

3.4. Stratified media

The proposed technique for medium characterization is based on the assumption that
the constitutive parameters remain constant within the volume of interest. Its extension 215
to stratified media is tested by means of a simple experiment. The upper part of the
loamy soil box has been emptied and filled with 11 £ 1 cm of sand, as shown in Figure 6.
In this case, the goal is to check if it is possible to identify the different layers of the soil
in the box with two media. For this experiment, no metallic objects have been buried.

After applying conventional SAR imaging, the recovered reflectivity is depicted in Figure 7. 220
For the sand box, the air-sand interface as well as the echo associated to the reflection on the
metallic floor of the measurement facility (daoorecho) iS @gain noticeable (Figure 7(a) and 7(c),

z =32 cm) as in the previous experiments. The estimation of the permittivity agrees too, since
dsand = 18 £ 1 cm and dfoorecho = 14 £ 1 cm, which yields R(g, ) = [2.8 3.5]. In the case of the
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Figure 5. Reflectivity SAR images. A metallic target placed on top of a loamy soil box (a,d), two
metallic targets buried in loam and sand respectively (b,e), and sand and loamy soil boxes with no
targets on it (c,f). XZ planes: (a—c). XY planes: (d—f). Air-sand interface: z = 66 + 1 cm. Air—loam
interface: z =64 + 1 cm.

two media box, Figure 7(b) and 7(c), the air-sand interface is clearly noticeable (z=70 cm), but
also the sand-loam interface (z= 50 cm). The higher losses of loam prevent from the detection
of the echo due to the metallic floor. If the depth of the sand layer is known, ds;ng =11+ 1 cm,
as well as the depth of the echo associated to the reflection on the sand-loam interface, dsang-
loamecho = 70 £1cm —11 cm - 50 cm =9 = 1 cm, then it is possible to estimate the complex

permittivity yielding R(g, ) = [2.8 4].
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Figure 6. Measurement setup. Left box filled with loamy soil up to a height of 14 + 1 cm, with a
layer of sand on top. Right box filled with sand.
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Figure 7. Reflectivity SAR images. YZ cuts: (a) air-sand interface: z = 64 £ 1 c¢m, (b) air-sand
interface: z =70 £ 1 cm, and sand-loam interface: z = 50 = 1 ¢cm. (c) XZ cut.
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3.5. Mixed soil

To conclude this section, a more complex setup has been considered. The sand box has
been replaced by a smaller box containing a 50% mix of sand and loam. Half of the box
filled with a layer of sand and a layer of loam has been emptied in order to refill that half
with the 50% mix of sand and loam, as shown in Figure 8. Notice the different heights of
the different media.

A first measurement with no objects buried has been taken. Next, the 10 cm x 10 cm
metallic reference target has been buried at a depth of dqop; = 7 cm in the box filled with
mixed soil. Finally, the reference object has been placed on top of the mixed soil
concerning soil losses estimation.

Results for the recovered reflectivity using conventional SAR imaging are shown in
Figure 9. First, results for the boxes with no metallic objects on them \are depicted
(Figure 9(a)-(d)). The different air-sand (z = 70 cm), air-mixed soil (z =58 cm),'and sand-
loam interfaces (z = 50 cm) can be identified. The losses of the mixed soil are still large
enough to allow the detection of the echo associated to the metallic floor of the
measurement facility, even in the case of the small box, filled just up to diy =14 £ 1 cm.

Figure 9(e) and 9(f) corresponds to the SAR images when the-metallic target is buried
dobj = 7 cm in the small box. The echo appears at decho = 5.+ 1 cm;, thus from Equation
(5), R(g, ) = [2.4 3.4]. To recover the imaginary part of the permittivity, the metallic target
is placed on top of the mix soil (Figure 9(g) ‘and 9(h)), recording the reflectivity
amplitude. From Figure 9(e) and 9(f), |Ppburied(dobj)| =—13 # 1 dB (z = 46 cm), and from
Figure 9(g) and 9(h), [pop(doby)] = =5 = 1 dB (z = 58 cm). Then, a = [11.5 14.8]. And finally,
after applying Equation (7), (g, ) = [0:38.0.58].

A summary of the soil characterization. results is presented in Table 1, together with
the references where typical permittivity values for these kinds of soils can be found. It
must be remarked that the experiments were conducted in a dry environment, so the
moisture content of the soil is-expected‘to be less than 10%. It can be noticed a good
agreement between the values.given in the literature using reflectometry, measurement

Figure 8. Measurement setup. (a) Right (small) box filled with 50% mix of sand and loam up to a
height of 14 £ 1 cm. Left (large) box partially filled with 50% mix of sand and loam up to a height of
18 £ 1 cm, with the other half filled with a layer of loam and an upper layer of sand (detailed in (b)).
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Figure 9. Reflectivity SAR images. XY, XZ, and YZ plane cuts. (a—d) Boxes with no metallic targets. (e—f)
Metallic target buried 7 cm in the mixed soil. (g—h) Metallic target placed on top of the mixed soil box.
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Table 1. Permittivity reconstruction results.

Soil Figure Rl ) R{(AA) Reference values

Sand  Figure 3 [2.7 3.5] [0.27 0.41] R(e, )=2.55 (Dielectric Constant, 2016)
Figure 7 (sand box) [2.8 3.5] N/A Re )= [2.7 3.7], (&, )=[0.05 0.5] (Wang
Figure 7 (sand box) [2.8 4.0] N/A and Schmugge 1980)
Figure 11 (dob; = 20 cm) [2.9 3.2] [0.32 0.47] Re )= [3 6], (e )=[0.7 0.8] (Gadani and
Figure 11 (dow; = 15 cm) [2.7 3.2] [0.32 0.40] Vlyas 2008, Figure 8(a))

R(e, )= 2.5 2.55], Se, )=[0.02 0.03]
(Abdelgwad and Said 2016)

R(&; )= 3.05, (&, )=0.26 (Komarov, Wang,
and Tang 2005)

R(e, )= 2.6 (dry sand) (Matzler 1998)
Re, )= [3 4], (e )=[0.1 0.4] (Vall-Llossera

et al. 2005)
Loam Figure 5 [2.53.2] [0.58 0.88] Re, )= [3 4], (e )=[0.2 0.7] (Vall-Llossera
et al. 2005)
Mixed Figure 9 [2.4 3.4] [0.38 0.58] Re, )= [3 5], (e )=[0.1 0:6] (Gadani and
soil Vyas 2008, Figure 8(b))

Loss tangent (tan 8) defined as: tan 6 = (e, o) /R(e, ) (Dielectric Constant, 2016).
Soil moisture from 3% to 7% (Vall-Llossera et al. 2005).

of samples in laboratory, or indirect observation techniques, and-the ones obtained with
the proposed SAR-based technique. Note that the samples used in this contribution and
in the literature may vary in the composition, thus resulting.in different permittivity
ranges as noticed in Table 1. This is especially noticeable in the case of J(g, o), which is
more sensitive to soil moisture (Vall-Llossera et al. 2005).

4. Outdoor scenario
4.1. Soil characterization

The proposed methodology has been-validated in a realistic outdoor scenario, a sandy
beach (coordinates 43.547, -5.589). For this test, a PulsON P410 monostatic radar
module (PulsOn Badar, Module 2016) working from 3.1 to 5.3 GHz has been used. The
radar module has’been mounted on a platform that allows manual scanning in cross-
range (x-axis),.as-depictedin Figure 10. The radar module is connected to a laptop for
data collection and- processing. Cross-range scanning is performed 45 cm above the
surface of the beach creating a synthetic aperture of 1 m sampled every 2 cm (0.35 A at
5.3 GHz). The target is a circular metallic target of diameter 18 and 1 cm thickness.

First, the sand permittivity is characterized. For this purpose, the target is buried at a
known depth of dqp; = 20 cm (see Figure 10). When conventional SAR imaging is applied,
Figure 11(b), it can be observed that the echo of the metallic target appears 35 = 1 cm
below the soil surface, s0 decho = 35 £ 1 cm = dqop; = 15 £ 1 cm. By applying Equation (5),
the estimated relative permittivity of the sand is R(e, ) = [2.9 3.2].

In order to estimate the imaginary part of the permittivity, an additional measure-
ment with the metallic target uncovered (as in Figure 10) is performed. The recovered
reflectivity is depicted in Figure 11(a). As observed in Figure 11(b), the amplitude of the
echo due to the reflection on the buried metallic target is |opuried(dob)| = =14+ 1 dB (z =
82 cm), and from Figure 11(a), when the target is on top of the sand, |otop(dory)| = 0 * 1

260
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280
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Figure 10. GPR measurement setup deployed in a realistic scenario (sandy-beach) and placement of
the metallic target.

dB. Then, a = [8.2 9.0]. Finally, after applying Equation (7), $(g, ) =[0.32 0.37] (centre

frequency, 4.2 GHz). 285
The same experiment has been repeated with the'object buried in another position at

a depth of do,; = 15 cm. Results are depicted in Figure 11(c). For this case, J(g ) = [2.7

3.2] and (g, ) = [0.32 0.40], in agreement with the previous case.

4.2. Application to Underground-SAR

Once the capability of the proposed conventional SAR-based technique to recover the 290
permittivity of the mediumhas ‘been” proved, practical application of the interest on
accurate permittivity estimation is shown in this section.

Conventional SAR imaging results depicted in Figure 11(b) and 11(c) show that the buried
target is detected at a-depth-of 35cm and 26 cm, that is, about 75% deeper than expected. For
some GPR applications where just detection is required it is not a major drawback. However, in 295
fields such as civil engineering or archaeology, accurate estimation of the depth is required in
order to.avoid damaging the buried object (metallic pipe, buried artwork, etc.).

The estimated permittivity of the sand (centre value of the estimated range, (¢, ) = 3.0
and (g =10.35) has been introduced as an input in an Underground-SAR imaging
algorithm (see Figure 1 flow chart). The recovered reflectivity is depicted in Figure 12. 300
Note that the metallic target buried at d,,; = 20 cm is now imaged at a depth of 21 + 1 cm
(Figure 12(a)), and when buried at dq,; = 15 cm, the metallic object reflection is detected at
14 + 1 cm (Figure 12(b)). In both cases, depth estimation error is less than 10%.

5. Conclusions

From the experimental results presented in this contribution, it can be concluded that 305
the proposed method for in situ characterization of the soil permittivity provides an
accurate estimation of this parameter. Using the estimated permittivity value the
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Figure 11. Reflectivity (amplitude, in dB, normalized with respect to the maximum of Figures 11 and
12) on XZ plane recovered from conventional SAR imaging. (a) Metallic target uncovered. (b) Metallic
target buried at do,; = 20 cm. (c) Metallic target buried at do,; = 15 cm.
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Figure 12. Reflectivity (amplitude, in dB, normalized with respect to the maximum of Figures 11 and
12) on XZ plane recovered from Underground-SAR imaging, with & . = 3.0 + j0.35. (a) Metallic target
buried at d,,; = 20 em. (b)-Metallic target buried at do,; = 15 cm.

Underground-SAR imaging allows a correct recovery of the depth of buried targets,
which canbe“of interest in applications such as civil engineering or archaeology.

One of the advantages of this method is that it avoids the need of additional hardware 310
such as reflectometers, thus reducing the overall cost of the GPR system. Besides, it does not
require additional measurements, since the information is extracted from the Underground-

SAR images of the domain under test. The main drawback is that the method is invasive, as it
requires burying a reference object in the soil to be characterized. However, once the
permittivity is recovered, at the beginning and for a small part of the complete scenario, 315
the same value is used for the whole reconstruction, assuming a homogeneous background
medium.

An additional advantage of the proposed method is that, thanks to the fact that the depth
and size of the reference target is known, it can be used to calibrate GPR parameters such as
transmitting power or sensitivity from the resulting Underground-SAR image. 320
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