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1. Introduction

Ground penetrating radar is a practical and productive method
for non-destructive diagnosis of shallow subsurface which
uses high frequency electromagnetic signals to detect changes
in soil characteristics (Daniels 2004, Jol 2009). Due to its
high-resolution results the technique has been successfully
applied in several engineering and environmental fields, for
example cultural heritage (Lualdi and Zanzi 2002, Binda et al
2005a, 2011), archaeology (Goodman 1995, Hafez et al 2008)
and UXO clearance ( Lualdi and Zanzi 2005, Acheroy 2007).

Along with this feature, the widespread diffusion of GPR is
due to the opportunity of providing a three-dimensional model
of the site, in which a number of closely spaced bidimensional
profiles are c onnected i n a p redefined se quence. Al though
a faster data collection, 2D profiles could lead to incorrect
reconstruction of subsurface features, especially when geom-
etry of the investigated targets is complex.

Three-dimensional acquisitions are more time consuming
and expensive than bidimensional ones (Yilmaz 2001) because
it is necessary to acquire a dense and regular grid of traces,
with a sample spacing sufficient to prevent spatial aliasing
problems (Yilmaz 2001, Lualdi et al 2003). Fulfilling these
constraints guarantees a full reconstruction of the geometry
of any targets. Specific problems that need a 3D approach to
be solved are, for example, urban infrastructures (Bernstein
et al 2000), geological features (Grasmueck and Weger 2002,
Lualdi and Zanzi 2004, Vanneste et al 2008), archaeology
(Lualdi et al 2006,Lorenzo et al 2010, Zhao et al 2012), cul-
tural heritage (Binda er al 2005b, Binda et al 2008) and war
remnants detection (Zanzi et al 2002).

Common georadar sources and receivers consist of dipole
antennas parallel to each other and with a fixed distance
between them. The transmitting antenna emits an electro-
magnetic (EM) wavefield whose electric field is polarized
parallel to the long axis of the antenna, here referred to as
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the alignment condition or the maximum backscattered condi-
tion (Balanis 1982, Daniels 2004) the same distinct directivity
exists for the receiver dipole. This highly directional character
of the dipole radiation pattern may create problems for the
acquisition and interpretation of conventional georadar data.
Changes of polarization state of the EM field occur, to some
degree, upon reflection and transmission: since the waves
are vectorial, features exhibiting directionality can strongly
modify the state of an incident field, generating the risk of
lowering the visibility of a target or even not being able to
image it (Roberts 1994).

Daniels et al (2003) and Roberts and Daniels (1996) ana-
lyzed the influence of target shapes on the polarization through
the evaluation of the scattering width of the target against
the observation angle. Radzevicius and Daniels (2000) have
focused the analysis on circular cylinders, showing that the
backscattered fields may be strongly depolarized depending
on: the orientation of the cylinder, the dielectrical properties
and the radius of the cylinder compared to the incident wave-
length. Lehmann (1996) demonstrated how linearly polarized
waves may become circularly polarized depending on the
contrasts in EM properties of the host media.

To address these phenomena, various studies examined the
possibility of recording data at multiple transmitter—receiver
configurations (known as multicomponent GPR) where, com-
pared to the standard perpendicular broadside configuration,
one or both antennas were rotated to acquire different compo-
nents of the electric field.

In their works, Streich and Van der Kruk (2007) and Van der
Kruk et al (2003) presented a multicomponent imaging algo-
rithm that explicitly corrects for far-field radiation patterns by
jointly migrating co-polarized and cross-polarized compo-
nents; Boniger and Tronicke (2012) present an attribute-based
processing to improve target characterization by combining
geometrical and physical properties of a dual configuration
data.

Lehman et al (2000) and Van der Kruk et al (2002) are
two works that also included a description of the benefits of
combining multicomponent data. In Lehman et al (2000) co-
pole data recorded with antennas oriented in mutually per-
pendicular directions are combined to obtain a pseudo-scalar
wavefield formulation suitable for processing with standard
scalar migration. Van der Kruk et al (2002) develops an
algorithm based on a tensorial description of the scattering
matrix, combining co-polarized and cross-polarized meas-
urements. The result is a circularly symmetric resolution
function.

Radar polarimetry analysis is another approach that uses
the four components of the scattering matrix to extract fea-
tures of buried targets.

Van Gestel and Stoffa (2001) applied the Alford algorithm
on the four scattering elements to extract information about
the orientation of buried objects that have angle-dependent
reflectivity. The work of Villela and Romo (2013) exploits
the invariant properties of the scattering matrix, providing
a mathematical formulation to estimate the target azimuth
allowing the application of standard processing techniques for
scalar fields. Sassen and Everett (2009) employed the largest

eigenvalue to compute a coherency-based algorithm. Chen et
al (2001) used eigenvalues and eigenvectors of the scattering
matrix to find the orientation and aspect ratio of UXO-like
targets.

We proceed along the results presented by Lehman et al
(2000) and Villela and Romo (2013), this time providing a
methodical demonstration of the effect of directionality on
elongated objects, with a focus on target detection. The pre-
sented approach is based on the stack of GPR data acquired at
mutually orthogonal survey direction, without any constraints
on the choice of the first profile orientation. The considered
strategy is able to ensure the detection of elongated target
regardless of any geometrical and physical issue, even when
there is a complete polarization mismatch or adverse settings.

After a mathematic formulation of the addressed issue,
the performances of the method are evaluated using densely
angular sampled data collected through bipolar GPR equip-
ment over a concrete block in which steel bars, with varying
diameters, are buried. Furthermore, a successful application
in the field of building inspection of the strategy is illustrated
presenting a 3D survey’s results.

2. Problem statement

Under the assumption of homogeneous soil (disregarding
depolarization and dispersion effects), point heterogeneities
in the subsurface can be represented by infinitesimal dipoles
with moments parallel and proportional to the incident geo-
radar wavefields (Balanis 1989). In case of elongated objects,
the target is approximately a dipole antenna with equal geo-
metrical characteristics.

The scattering matrix formulation, which represents a
measure of the target response when illuminated by an arbi-
trary polarized wave, becomes therefore an index of the depo-
larization degree of the scattered wavefield. The scattering

matrix is defined as:
S [Sxx Sxy:| ( l)
Sux Sy

where the first subscript of the elements represents the trans-
mitter direction and the second one corresponds to the receiver
orientation.

Because of the reciprocity condition, the off-diagonal
components are degenerated, so the matrix is symmetric. The
scattering characteristics can be obtained through the matrix
decomposition: the eigenvectors represent the direction of
the two axes of the polarization ellipse, while the eigen-
values quantify the target response when the antenna coordi-
nate axis coincides with those of the target (first eigenvalue)
and are at right angles to them (second one). For elongated
objects and co-pole configuration, the stronger eigenvalue
gives the backscattered field when the longest dimension of
the dipole is aligned with the target’s one (Radzevicius and
Daniels 2000).

A rotation of the matrix in equation (1) is often employed
for exploiting the variation of responses associated with an
alignment mismatch between sources and scatterers (Chen



et al 2001, Villela and Romo 2013). The rotated system is
given by:
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where ¢ represents the angular deviation from the alignment
condition. The terms of the matrix S” become:
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For conductive cylindrical shape targets, scattering from an
obliquely incident wave does not introduce additional compo-
nents that are not present in the incident field (Balanis 1989).

To show the effect of combining mutually orthogonal, we
formulate the problem adding the elements in equation (3)
together with those in which the quantity (¢) is substituted
with (¢+90°). The superscript indicates the Combination
resulted element.

SG = S + SEPY = S+ Sy

SG = S + SHF = S + S,y

SS =S4+ S5 =0

SG = S%+ 86 =0 “)

The obtained scattering matrix thus becomes:

$Cr) = S + Sy 0
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The eigenvalues decomposition of the product S¢(S¢)7, ele
ments that represent the target backscattered magnitude and
are index of the polarization state of the wavefield, leads to:
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The results in equations (5) and (6) lead to some significant
considerations:
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* The angular dependency in the preferred scattered direc-
tions (first elements of the obtained scattering matrix S¢
in equation (5)) is removed.

Both the diagonal elements in equation (5) include the
two-scattering direction, therefore the collected wave-
field will result unaffected from any deviation from the
alignment condition, even from a complete polarization
mismatch (dipole axis orthogonal to the maximum
response configuration). This is evident also considering
the magnitude eigenvalue formulation.

The equality between the two eigenvalues ACand A{ in
equation (6) means that the obtained wavefield has a cir-
cular footprint with no preferred scattering directions. A
rotational invariant scattering matrix has been obtained.

Figure 1. IDS-Aladdin georadar equipment. (@) Georadar and PSG
device. (b) Dipoles scheme and geometry.

3. Field example 1: reinforced concrete block

A survey has been performed across three steel rods buried
in a concrete block using an IDS — Aladdin (Ingegneria dei
Sistemi, Italy, figure 1(a)) georadar system, which consists of
two couples of highly balanced dipole antennas (figure 1(b)),
with physical length of 6¢cm. The central frequency and the
bandwidth of the antenna is 2 GHz, with an offset of 6 cm for
both couples. This configuration guarantees precise matching
between the two CMP of the parallel and perpendicular ori-
entation, permitting joint orthogonally polarized scans to be
acquired in a single pass.

Three metallic rods with diameter of 16 mm, 10 mm and
6 mm and spaced approximately 30 cm were buried into a con-
crete block at a depth of 8cm (figure 2(a)). The three diam-
eters represent commonly employed reinforcement dimension
for the principal civil engineering structures, from bridges and
dams down to housing structures. Inline movements were con-
trolled through PSG (Pad System for Georadar, U.S. Patent
no. US 7,199,748 B2 of Politecnico di Milano, Italy, Lualdi
2011), and precise angular rotation was achieved through a
plate mounted on a protractor (figure 2(b)).

The same profile has been acquired in co-pole configura-
tion (dipoles mutually parallel) ten times with an angular
sampling of 10° starting with dipoles oriented perpendic-
ular to the survey direction. The selected angular step repre-
sents the finer sampling that can provide consistent results
considering the accuracy and precision of the described
mechanical system.

The dual polarized design of the georadar systems permits
simultaneously acquired data from 0° to 180° with a 90° rota-
tion only. The first set of orientation (from 0° to 90°) belongs
to one pair of dipoles (black filled in figure 1(b), named co-
pole perpendicular configuration), while the angles from 100°
to 180° to the perpendicular one (grey filled in figure 1(b),
named co-pole parallel configuration).

Parameters are given in table 1. Single orientation
(unstacked) survey results and a sketch of the target to sim-
plify text recalling are shown in figure 3.

Imaging of a linear metallic target is hugely conditioned by
alignment mismatch between object and GPR antennas and
its influence varies depending on the bar diameter. Globally,
visible changes in hyperbola imaging are noticeable at angular
variations of approximately 30°.



Figure 2. Survey 1: details of the experiments. (a) Side view of the concrete block with buried steel bar. (b) Georadar antenna and mounted
protractor device.
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Figure 3. Survey 1: radar profiles of the buried steel bars (for survey geometry and angle definition see text). Single orientation results. All
the profiles are plotted using equal amplitude scale and contrast. In the lower corner a sketch of the targets is provided.

Table 1. Concrete block, acquisition parameters.

Data volume

Inline sampling(4x) Time sampling(At) Time window X (traces) T (samples)
0.2 cm controlled by wheel odometer. 0.04ns 8ns 380 512

The following trends and considerations can be highlighted: alignment (0° and 180° oriented frames) the thickness of

the hyperbola is lower and the shape is just outlined.

* The larger rods (particularly target marked 1 in figure 3) are * The thinner bar (target 3 in figure 3) is extremely affected
visible at all angles, also when there is a complete polariza- by deviations from the optimal survey geometry. While
tion mismatch, i.e. approaching 90° orientation (dipoles its corresponding diffraction hyperbolas are visible
parallel to the bar); However, their energy is strongly up to ~50° and again from 140°, they are significantly
reduced leading to the risk of object missing in case of attenuated in the range 60° — 130°. When the dipole is

propagation-related phenomena. Comparing to the optimal approaching orthogonality towards the target (90° rotation),
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Figure 4. Survey 1: radar profiles of the buried steel bars: combination of mutually orthogonal GPR data results. All the profiles are plotted

using equal amplitude scale and contrast.

Figure 5. Survey 2: details of the experiments. (@) Evidence of a “fiuba” on the facade of a building. (b) Acquisition set up: georadar
antenna and PSG for the 3D survey. The white arrow represents survey direction and first acquired profile.

the rebar signature vanishes until it becomes not even
detectable by the receiver antenna.

e Considering that for a metallic target the maximum
response occurs in parallel co-pole configuration with
dipoles aligned with the longest axis of the pipe, the ori-
entation that makes the perpendicular co-pole response
a maximum also makes the perpendicular a minimum
(figure 3, 0° and 90° frames, respectively).

These considerations underline the importance of con-
ducting GPR surveys with two axially rotated measurements
to avoid nulls over the thin metallic bar, when using line-
arly polarized co-pole antennas. Based on this evidence, we
develop the approach based on the stack of mutually orthog-
onal data. The stack is computed after a time calibration (trace
peaks shifting) and a trace alignment (cross-correlation tech-
nique). The combination results are illustrated in figure 4.

All targets are detected regardless of their diameters and
the hyperbola shape is reinstated to a condition nearly close to
the most favourable antenna orientation (compared to the 0°
or 180° frame in figure 3). We focus the results interpretation
on the thinner bar (target 3 in figure 3), which is the target that
gains the major advantages from the combination as it suffer
the most from misalignment. The first consideration is that
the approach overcomes the pitfall of single orientation sur-
veys: all of the combinations lead to a clear target detection.

Further on, if one correlates the imaging results of the stacked
approach to the optimally aligned orientation of figure 3
(0° or 180° frame), some variations in the hyperbola deline-
ation (mainly due to an enhancement of the bottom of the
concrete block) are visible but the hyperbola attributes
and characteristics are closely similar. This feature can be
observed globally, for the two larger rods (target 2 and 3 in
figure 3) as well. Moreover, each of the images in figure 4
provides almost the same information level, demonstrating
that combining mutually orthogonal GPR data produces a
rotational invariant result and fully recovers the dispersed
energy. This performance is explainable considering the sym-
metric trend of the scattering response from elongated target,
in which the maximum of a certain orientation corresponds to
the minimum value of its mutually orthogonal one and in the
transitory each component compensates the other one.

4. Field example 2: metallic structural elements

A 3D orthogonal dataset was acquired to provide a further
demonstration of the previously identified benefits applied to a
real situation. The aim of the survey was to detect the so called
“filube”, metallic structural elements commonly employed in
the Venice area to connect the facade of a building to the floors
(figure 5(a)).
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Figure 6. Survey 2: radar depth slice, depth 10cm. (a) Perpendicular configuration. (b) Parallel configuration. (¢) Combination of the two
orthogonal volume. (d) Schematic layout of the targets. All images are plotted using equal amplitude scale and contrast. In the lower corner

a sketch of the targets is provided.

Table 2. Palazzo Pisani, acquisition parameters.

Data volume

Time Time Y X T
Inline sampling(4x) Crossline sampling(4y) sampling(At) window (profiles) (traces) (samples)
1 cm controlled by wheel odometer. 1.6cm controlled by the PSG. 0.04ns 20ns 61 140 512
Table 3. Palazzo Pisani, processing steps and details.

Time Trace Data
calibration alignment Frequency filtering Velocity analysis 3D Migration Envelope
Time shift Correlation  Zero-phase Butterworth filter. ~ Synthetic hyperbola fitting on real event. 2D-2step approach Hilbert

window Frequency range: 0.5-3.5GHz Computed velocity: 16 cm/ns (Zanzi and Lualdi 2010) transform

Acquisition was performed on the floor (figure 5(b)), the
white arrow represents survey direction and starting profile)
and parameters are given in table 2.

To obtain a square mesh, data were interpolated to a
0.8 cm step-increment grid. Processing consisted of five steps
(Yilmaz 2001), described in table 3.

Two “fiube” are detected (see sketched representation of
targets in figure 6(d)) and the comparison proves the different
sensitivity of the antenna orientation to linear targets. Target
oriented perpendicular to the survey direction (target 1 in
figure 6(d)) is clearly detectable in the co-pole parallel con-
figuration (figure 6(a)), while almost invisible in the mutually
orthogonal one (co-pole perpendicular, figure 6(b)), except for
a 3D scattering effect at the end of the bar. Concerning the

inclined fiuba (target 2 in figure 6(d)), its representation is vis-
ible in both configurations with a substantially lower energy
response.

The combination of the two orthogonal data volumes
(figure 6(c)) confirms that the effect of the stack is a com-
pensation for the geometrical misalignment losses. If one
compares the energetic level (through the colourbar of
figure 6) of the inclined target (target 2) before and after
the stack with the other element (target 1 in figure 6(a)),
that represents the energetic benchmark as it is optimally
aligned with the antenna configuration, the demonstration
of the amplitude decay recovery is evident. The conse-
quence is a precise reconstruction of targets regardless of
their orientation.



5. Discussion and conclusion

An approach that takes into account the polarization charac-
teristics of radar wavefields to guarantee full target detection,
overtaking traditional pitfalls in GPR data interpretation has
been developed and evaluated. Pitfalls are due to the effect
of target directivity features that significantly modify the
backscattered wavefield, thus leading to the possibility of cor-
rupted radar results. The presented acquisition and processing
technique is based on the combination of mutually orthogonal
GPR data, strategy that is proven to be able to remove any
angular dependencies turning the expected backscattered
elliptical wavefield into a circular one, with no preferred scat-
tering direction.

The method has been first e xploited t hrough t he e valu-
ation and decomposition of the resulting scattering matrix,
which gives evidence to the modifications of the computed
eigenvalues of the matrix, elements that define t he b ack-
scattered magnitude and thus are index of the polarization
plane of the reflected wavefield. Two field examples are pro-
vided, one bidimensional survey focused on steel rods, that
represent probably the most critical target when addressing
polarization issues (figure 3), and a 3D application for civil
engineering purposes (figure 6). Both the examples demon-
strate that combining mutually orthogonal GPR data results
in images that do not suffer from misalignment or angular
drifts effects, recovering the energy losses and leading to
final results that are energetically comparable to the ones that
would be obtained under the optimal alignment condition
(figure 4 and Figure fc).

These results encouraged the successful application of the
multiazimuth technique in the cultural heritage (Lualdi and
Lombardi 2013) and archaeological investigations (Lualdi and
Lombardi 2014), but remarkable advantages can be gained for
mapping and locating underground utilities, although a deeper
evaluation of the performances when employing GPR arrays
and positioning devices must be carried out (Boniger and
Tronicke 2010).
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