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Abstract—Pillars represent some of the commonest supporting
elements of modern and historical buildings. Non-destructive
testing methods can be applied to gain information about
the status of these structural elements. Among them, ground
penetrating radar (GPR) is a popular diagnostic tool for the
assessment of concrete structures. Despite several theoretical and
experimental studies on concrete structural evaluation by GPR
have been reported, little work has been done so far in relation
to pillars. Owing to their circular geometry, pillars are complex
multi-scattering environments, which render the interpretation
of the radar images very challenging. This paper deals with the
application of radio frequency tomography as a non-destructive
technique for imaging the inner structure of pillars. The main
goal of the study is the assessment of the imaging performance
that can be obtained in comparison to conventional ground
penetrating radar exploiting a multi-monostatic configuration.
Accordingly, potentialities and performance of multimonostatic
and multiview/multistatic measurement configurations are herein
investigated in the inverse scattering framework. For each mea-
surement configuration, the regularized reconstruction of a point-
like target and the spectral content are evaluated. The data
inversion is carried out by means of the Truncated Singular Value
Decomposition scheme. Tomographic reconstructions based on
full-wave synthetic data are shown to support the comparative
analysis.

Index Terms—Linear inverse scattering, ground penetrating
radar, non-destructive testing, radio-frequency tomography.

I. INTRODUCTION

CONCRETE structures unavoidably deteriorate with age
and long term exposure to weather conditions. Depend-

ing on the type of structure under investigation, different types
of damages can arise such as erosion, delaminations, cracks,
reinforcement corrosion [1]. These phenomena need to be
readily identified and monitored as they can worsen over time
and, if neglected, may lead to catastrophic events (e.g. see [2]).

Non-destructive testing (NDT) methods of concrete struc-
tures are frequently encountered in civil engineering applica-
tions [3], [4]. Most of them exploit acoustic waves at different
frequency ranges. A different approach is the electrical resis-
tivity tomography, which relates the electrical conductivity of
the structure under test to the metallic phases (reinforcing bars
and fibers), cracks and air voids, moisture gradients, and the
chloride distribution in the matrix [5], [6]. Another popular
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tool is Ground Penetrating Radar (GPR) that allows imaging
the interior of the structure [7] as a result of the interaction of
electromagnetic waves with the hidden anomalies and after a
suitable data processing.

In recent years, GPR has been proposed for the assessment
of concrete structures such as bridges [8], [9], retaining walls
[10], concrete floors [11], dams [12], rebar detection [13],
detection of chlorides and moisture in concrete [14]. In all
those cases, the radar device collects data along a planar
concrete structure. Circular pillars are common supporting
elements of buildings, but their structural assessment via GPR
has received a little attention, and to the best of the author”s
knowledge, relatively few works have been reported [15]–[17].
With the exception of [15], these works are mostly focused
on the inspection of columns in historical buildings. Owing
to their circular geometry, columns represent a challenging
scenario for GPR because complex multipath phenomena
(artifact) arise within the structure. These usually produce false
targets in the images complicating the interpretation of the
scene.

This paper investigates the application of RF tomography
(RFT) for the NDT evaluation of pillars, when a multi-
view/multistatic measurement configuration is exploited. RFT
has been formerly applied to the underground imaging and
tunnel detection [18], [19] and has been experimentally vali-
dated in [20], [21]. More recently, RFT has been proposed for
the imaging of circular pillars and preliminary results were
shown in [22], [23]. In this article, a comprehensive analysis
of the imaging problem is carried out in a linear inverse
scattering framework. More specifically, a study of the imaging
performance of RFT configuration is accomplished and a
comparative analysis with a conventional GPR configuration,
based on multi-monostatic data, is carried out following the
idea in [24]. Unlike previous works, an accurate forward
model accounting for the presence of the circular air-pillar
interface is developed. Moreover, imaging performance are
assessed in terms of regularized reconstruction of a point-like
target and spectral contents of the relevant operator involved
in the linear inverse problem under investigation. A set of
tomographic reconstructions based on a numerical model of
a concrete pillar is reported to demonstrate the effectiveness
of the RFT approach. The linear inverse scattering by an
inhomogenous cylinder was addressed in [25]. However, the
present study addresses a similar problem under more realistic
conditions: incident field generated by filamentary electric
currents, observation domain in the near zone, single frequency
and multifrequency operation, and 2D image reconstruction.
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The paper is organized as follows. Section II is concerned
with the mathematical formulation of the imaging approaches.
In Sec. III, the resolution analysis is performed, while tomo-
graphic reconstructions based on full-wave data are shown in
Sec. IV. Conclusions follow in Sec. V.

II. PROBLEM STATEMENT AND IMAGING APPROACH

Let us consider the 2D geometry illustrated in Fig. 1,
featuring a dielectric pillar with radius a and characterized
by the relative dielectric permittivity εb. The medium is
assumed to be non-magnetic and lossless, and is probed
by transmitting (Tx) and receiving (Rx) antennas deployed
along the circumference Γ with radius ρs > a. Let rs =
ρs cos(φs)x̂ + ρs sin(φs)ŷ be the location of the Tx antenna
and ro = ρs cos(φo)x̂ + ρs sin(φo)ŷ the position of the Rx
antenna. The antennas are modeled as filamentary current
lines polarized along the z axis (TMz polarization). The
investigation domain D contains targets whose presence is
described by the contrast function

Fig. 1: Geometry of the imaging problem. A pillar with
radius a is probed by Tx and Rx antennas deployed along
a circumference Γ with radius ρs. The structure under test
contains reinforcement elements (black circle) or anomalies
such as cracks (white rectangle).

χ(r′) =
εt(r

′)− εbε0
εbε0

− j σt(r
′)

ωεbε0
, (1)

where ω = 2πf is the angular frequency, ε0 is the free-space
permittivity, εt and σt are the real permittivity and conductivity
functions at any point r′ = ρ′ cos(φ′)x̂ + ρ′ sin(φ′)ŷ in D,
respectively.

During the system’s operation, the Tx antennas illuminate
the scene by radiating an electromagnetic wave into the
pillar and the Rx antennas detect the field scattered by the

targets in D. Depending on the locations of the antennas
and on the possibility to collect wideband data, the following
configurations will be examined:
• Configuration 1 or GPR: multimonostatic/multifrequency

configuration (φo = φs) operating in the frequency
interval B = (fmin, fmax), with fmin and fmax being
the minimum and maximum working frequencies;

• Configuration 2 or single frequency RFT: multi-
view/multistatic configuration (φo 6= φs) operating at the
maximum frequency fmax;

• Configuration 3 or multifrequency RFT:
multiview/multistatic/multifrequency configuration
(φo 6= φs) operating in the frequency range
B = (fmin, fmax).

The mathematical formulation of the forward scattering
model that will be shown in the following is general and can be
specialized to each of the three previous cases by accounting
for the proper Tx and Rx angular coordinates and system
bandwidth.

Under the Distorted Born approximation [26]–[29], a scalar
integral relationship is established between the unknown con-
trast function χ and the scattered field Es, i.e.

Es(ro, rs) = k2b

∫∫
D

g(ro, r
′)χ(r′)Ei(r

′, rs)dr
′ = Lχ (2)

where k2b is the propagation constant in the medium, Ei is the
incident field (i.e. the field in free space) at r′ when the Tx
antenna is located at rs, and g is the scalar inhomogeneous
Green’s function accounting for the radiation from a point r′in
D to the point ro in air. The linear integral relationship (2)
can be stated as a linear operator L : χ ∈ X → Es ∈ Y ,
where X denotes the set within which the solution (contrast
function) is sought and Y is the set where the data belong
to. In particular, we assume X and Y are Hilbert spaces
L2(D) and L2(S), respectively equipped with the L2 scalar
products < ·, · >X and < ·, · >Y . Note that S assumes
different expressions according to the three configurations:
S = Γ× B for configuration 1, S = Γ× Γ for configuration
2 and S = Γ × Γ × B for configuration 3. Moreover, L is
a linear operator mapping the unknown space into data space
[28].

By expressing the position vectors in polar coordinates,
eq. (2) is rewritten as

Es(ρs, φo, φs) = k2b

∫∫
g(ρs, φo; ρ

′, φ′)

× Ei(ρ′, φ′; ρs, φs)χ(ρ′, φ′)ρ′dρ′dφ′. (3)

The incident electric field Ei in D is evaluated by solv-
ing the scattering problem involving a dielectric cylinder
illuminated by an electrical line source [30]. In detail, by
applying cylindrical wave transformations and electromagnetic
boundary conditions at the air-pillar interface (ρ′ = a), one
obtains

Ei(ρ
′, φ′; ρs, φs) = − k2bIe

4ωεbε0

∞∑
n=−∞

bnJn (kbρ
′) ejn(φ′−φs)

(4)
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where Ie is the complex current at the Tx antenna, Jn is
the Bessel’s function of first kind and n-th order, and the
coefficients bn are given by

bn =
−2jH

(2)
n (β0ρs) /(πβ0a)

µrJn (β1a)H
(2)′
n (β0a)−√εrµrH(2)

n (β0a) J ′n (β1a)
.

(5)

In eq. (5), H(2)
n and H

(2)′
n are the Hankel’s function of

second kind and n-th order and its first derivative, respectively.
The inhomogeneous Green’s function involved in eq. (3) is

evaluated using the reciprocity principle [30], i.e.

g(ρ, φ; ρ′, φ′) = − 1

jωµ0Ie
Ei(ρ, φ; ρ′, φ′). (6)

with µ0 being the magnetic permeability in free space.
According to eq. (3), a linear inverse problem is established

and the goal is to determine the unknown contrast function χ
from the knowledge of the measured scattered field Es. Such
an inverse problem is ill-posed and a regularization scheme
must be applied to achieve a stable solution [28]. According
to the definition of the operator L, the reconstruction of the
contrast function χ from the knowledge of the scattered field
Es can be stated as the inversion of the operator L. Since L
is a compact operator [28], its Singular Value Decomposition
(SVD) can be defined as follows

Es = Lχ =

∞∑
n=1

σn < χ, un >X vn (7)

where {σn, un, vn}∞n=1 is the singular spectrum of the operator
L and σn is the set of singular values ordered in a not
increasing way, while un and vn are the singular functions
in the unknown and data space, respectively. In particular,
{un}∞n=1 is an orthonormal basis in the space of the visible
objects. The set {vn}∞n=1 forms an orthonormal basis for the
subspace of the exact data. Accordingly, the solution of eq. (3)
can be stated formally as

χ =

∞∑
n=1

1

σn
< Es, vn >Y un (8)

A proper way to regularize the inverse problem, exploited in
the present paper, is the Truncated Singular Value Decompo-
sition scheme, where the approximate (regularized solution) is
achieved by means of the inversion formula

χ̂ =

Nt∑
n=1

1

σn
< Es, vn >Y un (9)

where Nt acts as the regularization parameter and is a trunca-
tion index selected as trade-off between achieving a physical
meaningful and a stable solution.

The spatial map defined by the modulus of the retrieved
contrast function χ̂ is the output of the inversion algorithm.
The space region where the retrieved contrast function is
significantly different from zero accounts for the presence and
location of the targets.

III. IMAGING PERFORMANCE OF THE MEASUREMENT
CONFIGURATIONS

This Section deals with the analysis to assess the imaging
performance of the three measurement configurations defined
in Sec. II. The analysis is carried out by two different figures
of merit as follows.

The first one is the regularized reconstruction of a point-like
target [28], which is carried out according to the steps of the
approach described in [31], which is briefly summarized for
clarity of the explanation. First, model data for the point target
are generated and corrupted by Additive White Gaussian Noise
(AWGN) to account for the effect of noise. Then, the L-curve
method [32], [33] is applied to find the optimal regularization
parameter of the TSVD inverse scheme, which is expressed as
the number of retained terms Nt. This regularization parameter
accounts for the trade-off to minimize both the norm of the
solution ||χ||2 and the norm of the residue ||Es − Lχ||2.

After that the regularization parameter Nt has been de-
termined, we introduce the second figure of merit, i.e., the
the spectral content of the scattering operator L. The spectral
content concept has been applied in the past to study different
radar imaging problems (e.g. see [34]–[38]). The spectral
content accounts for the retrievable spatial harmonics of the
unknown contrast function following the adopted regularized
inversion scheme. As it will be shown, differently from the
regularized reconstruction of the point target, the spectral
content provides global information related to the considered
investigation domain rather than information at a specific
location inside the investigation domain. This is made clear
by the following derivation.

Let us consider the regularized point-spread-function (PSF)
related to a point target at ro and expressed in terms of the
SVD, i.e.

PSF(r′, ro) =

Nt∑
n=1

vn(r′)v∗n(ro) (10)

and compute its Fourier transform with respect to the spatial
variables x′ and y′

P̂SF(k, ro) =

Nt∑
n=1

v̂n(k)v∗n(ro) (11)

with k = kxx̂ + ky ŷ (kx and ky are the conjugated spectral
variables corresponding to x′ and y′), and

v̂n(k) =

∫∫
D

vn(r′) exp(−jk · r′)dr′ (12)

Then, we evaluate the square amplitude of both sides of
eq. (11), thus getting

|P̂SF(k, ro)|2 =

(
Nt∑
n=1

v̂n(k)v∗n(ro)

)(
Nt∑
m=1

v̂∗m(k)vm(ro)

)
(13)

As the spectral functions involved in eq. (13) depend on the
specific target position ro, we integrate over all possible posi-
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tions in order to obtain global (average) spectral information
SC defined as

SC(k) ,
∫∫

D

|P̂SF(k, ro)|2dro =

Nt∑
n=1

Nt∑
m=1

v̂n(k)v̂∗m(k)

∫∫
D

v∗n(ro)vm(ro)dro (14)

In view of the orthonormality of the singular functions vn
and vm, the spectral content reduces as

SC(k) =

Nt∑
n=1

|v̂n(k)|2. (15)

Before showing the numerical tests, it is worth noting that
the PSF definition in eq. (9) is only exploited to derive the
spectral content and is not used to compare the resolution
performance of the three imaging configurations at hand.
Indeed, the computation of the PSF via eq. (11) would enable
only a comparison for the same value of the truncation index
Nt, which ultimately depends on the noise on data. Here,
we adopt the approach described in [31] to enable a fair
comparison for the same value of the signal-to-noise-ratio
(SNR) on the data.

The numerical test refers to a pillar characterized by a
dielectric constant εb = 4 and a radius a = 0.2 m. Fifty Tx
and Rx antennas collect data along a circumference of radius
ρ = 0.21 m. The investigation domain D coincides with the
pillar and is discretized into square pixels having size 0.01 m.

The reason for choosing this number of transmitters and
receivers is to ensure data redundancy, so that the discretized
versions (matrices) of the operators are good approximations
of the “continuous” operators. Indeed, the singular values
curve spans more than 100 dB below the maximum singular
value; this means that we are able to capture all the information
about the scattered field with this number of transmitters and
receivers. The evaluation of the incident field is carried out
via eq. (4), where Shanks transform [39] is used to accelerate
the convergence rate of the series and 45 terms are used at the
most.

The performance analysis is carried out for a point target
located at (0.1, 0.1) m as seen in Fig. 2. The scattered field
data are computed over the frequency range (1000, 2950) MHz
with a step of 150 MHz. In order to have fair comparisons for
all 3 configurations, we corrupt the data by AWGN so that
a SNR = (30, 10,−10) dB is achieved for configuration 3.
For the other two configurations, we have downsampled the
corrupted data from configuration 3.

The curves plotted in Fig. 3 display the singular values
of the operator L for the three measurement configurations.
As can be seen, aside from the initial decay, all the curves
exhibit a similar behavior that is almost flat before the
exponential decay, which takes place after their knee. Such
a knee occurs at a lower index in configuration 1 (GPR)
compared to configuration 2 (single frequency RFT) and
configuration 3 (multifrequency RFT). This suggests that (1)
fewer singular values are generally available to reconstruct
the contrast function in configuration 1 resulting in a worse
imaging performance; (2) a similar number of singular values

is expected in configurations 2 and 3 with comparable per-
formance in terms of spatial resolution. Table I summarizes
the values of the choice of the regularization parameters
Nt for the three configurations and different values of the
SNR = (30, 10,−10) dB. Nt is estimated by using the L-
curve method. As long as the SNR increases, the number of
singular values also increases. In addition, for a fixed SNR,
we observe an increase of the number of singular values
when we turn from the monostatic (GPR) configuration to
the multi-view/multi-static (RFT) configurations. Note that
configurations 2 and 3 are characterized by the same number
of singular values for the three SNR levels.

Fig. 2: Geometrical arrangement of Tx and Rx around the
pillar. The black square denotes a point-like target.

Fig. 3: Singular values of the operator L for each measurement
configuration.

The images plotted in Fig. 4 depict the normalized am-
plitude of the regularized reconstructions for the consid-
ered configurations and SNR values. The top row refers to
SNR = 30 dB and highlights that the target is correctly recon-
structed in each case and it is only slightly better resolved with
configurations 2 and 3. When the data noise level increases,
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TABLE I: Optimal truncation index Nt vs. measurement
configuration and SNR

SNR [dB] Configuration 1 Configuration 2 Configuration 3
−10 498 657 657
10 531 708 708
30 600 768 768

SNR = +10 dB (middle row), the GPR configuration still
allows identifying the target but the image quality degrades
compared to the RFT configurations in terms of both resolution
and artifacts. When the data are very noisy, SNR = −10 dB
(bottom row), the GPR configuration fails to image the target
since the reconstruction is totally corrupted by the noise.
When we turn to both RFT configurations, we observe that
the reconstruction of the point target allows to achieve similar
resolutions limits; in addition, the multi-frequency RFT image
looks slightly cleaner and this is confirmed also by the analysis
below regarding the ”entropy” indicator (see Table II). The
lower noise in the multifrequency RFT image can be explained
by considering that, due to the linearity of the model and
additivity of noise, the reconstructed PSF at a point ro can
be written as

PSF(r′, ro) =

Nt∑
m=1

vm(r′)v∗m(ro) +

Nt∑
m=1

< n, um >

σm
vm(r′)

(16)

where the first summation is the noise-free PSF reconstruction
(see eq. (10)) and the second summation is the noise contribu-
tion to the reconstruction. Since the singular values are larger
in the multifrequency RFT configuration (see Fig. 3), it can
be argued that the noise contribution to the reconstruction is
smaller compared to the one achieved by single frequency
RFT.

In order to provide a quantitative criterion to assess the
image quality, the entropy E of each image is evaluated
according to the formula [31]

E = −
Pt∑
p=1

ss(xp, yp) ln[ss(xp, yp)] (17)

where

ss(xp, yp) = |χ(xp, yp)|2/
Pt∑
q=1

|χ(xq, yq)|2. (18)

is the normalized square amplitude of the contrast function
at the point (xp, yp) and Pt is the number of pixels in the
image. We recall that the entropy in eq. (17) measures the
contrast of an image and assumes higher values when the
image has a poor resolution and/or large presence of artifacts.

The entropy values of the regularized reconstruction of
the point-like target in Fig. 4 are summarized in Tab.II. The
data point out that, regardless of noise level, multifrequency
RFT generally provides better resolved images, with reduced
presence of artifacts, compared to single frequency RFT and
GPR. In addition, the two RFT configurations have similar
performance for the cases of SNR = 10 and 30 dB; there is
only a small difference for the case of SNR = −10 dB.

TABLE II: Entropy of the regularized reconstruction of the
point-like target

SNR [dB] Configuration 1 Configuration 2 Configuration 3
−10 6.58 6.48 5.23
10 5.11 3.49 2.56
30 3.40 2.29 2.21

In the following, the spatial spectral coverage of the scatter-
ing operator L is examined where the regularization parameter
is chosen according to the L-curve analysis (see Tab. I).

The spectral contents corresponding to
SNR = (30, 10,−10) dB are computed for each configuration.
Note that due to the symmetry of the scenario and of
the measurement domain, the spectral contents have a
rotational symmetry. For this reason, the spectral content is
depicted in Fig. 5 along a radial cut in the spectral domain.
For each configuration, the theoretical spectral content
predicted by diffraction tomography [40], [41] in the case
of a homogeneous medium is represented for comparison
purposes (see colored regions between the vertical black
lines). In the GPR configuration, such a set is the annular
ring delimited by the circumferences having radii 2kb,min
and 2kb,max, with kb,min and kb,max being the propagation
constants of the medium at the minimum and maximum
frequency, respectively [34]. In the single frequency and
the multifrequency RFT, the theoretical spectral coverage
is the Ewald’s circle with radius 2kb,max [41]. Therefore,
for the same maximum frequency, single frequency and
multifrequency RFT have the same theoretical spectral
coverage and hence a similar resolving power. This claim
is also valid for the case of an inhomogeneous background
medium as confirmed by the spectral contents in Fig. 5 (
configurations 2 and 3) and supported by the regularized
reconstruction of the regularized reconstruction of the point
target in Fig. 4.

For the GPR configuration, the inhomogeneous model de-
scribed by eqns. (4) - (6) introduces a major difference in the
spectral content. While the theoretical spectral content for a
homogeneous model has a spectral hole with radius 2kb,min,
the linear scattering operator for inhomogeneous model tends
to fill all the Ewald’s circle. In fact, the low frequency
spectrum components now can be partially recovered thanks
to the multiscattering effect arising within the pillar. These
multiscattering effects are pictorially depicted in Fig. 6, and
show how an increase the illumination/observation diversity
for GPR configuration is achieved due to the reflection phe-
nomena at the pillar/air interface.

A similar phenomenon has been recently observed in rela-
tion to the radar imaging through periodic structures [36], [37]
and in urban canyons [42], [43].

We recall that the spectral content is a measure of the re-
solving power for targets located anywhere in the investigation
domain. In this sense, Fig. 5 reveals that all configurations have
similar imaging performance. However, the spectral content
does not provide information about the detectability of the
targets, which can be inferred instead from the point target
analysis of Fig. 4.
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Fig. 4: Normalized amplitude (given by eq. (7)) of the regularized reconstruction of a point-like target located at [0.1, 0.1] m
for each measurement configuration and SNR level, according to SNR = +30 dB (top row), SNR = +10 dB (middle row), and
SNR = −10 dB (bottom row).

IV. RECONSTRUCTION RESULTS

In this Section, tomographic reconstructions are provided
by processing full-wave synthetic data generated by the com-
mercial software FEKO [44] based on the Method of Mo-
ments [45]. The numerical tests refer to the dielectric pillar,
measurement configurations, and data processing parameters
considered in Sec. III. Moreover, for data generation, the
pillar is also assumed to be lossy and characterized by the
electrical conductivity 0.005 S/m. 2D full-wave simulations
are carried out in the xy plane by using wire sources as Tx
antennas and setting periodic boundary conditions along z. The
scattered field data are obtained by means of a background
subtraction, i.e. computing the difference between the total
field in presence of targets and the field recorded in the
case of an empty pillar. After, the scattered field data are

corrupted with AWGN for SNR = (+30,+10,−10) dB as
done according to the procedure described in Sec. III. The
regularization parameter has been determined according to the
L-curve method and used in the reconstruction.

A comprehensive set of test cases featuring pillars contain-
ing different types of targets is considered as listed below:

• 1 metallic and 1 void cylinder (A);
• 2 metallic cylinders and 1 metallic rectangular bar (B);
• 1 metallic cylinder with a nearby crack (C).

Three scenarios described above are represented in Figs. 7,
8, 9 and together with the corresponding tomographic recon-
structions related to each measurement configuration and SNR
level. In all the tests, the cylinders have radius 0.025 m and
are centered at (0.1, 0.1) m and (-0.1, -0.1) m.

The images in Fig. 7 deal with the most favorable situation
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Fig. 5: Radial cut of the spectral contents. First row SNR=30 dB; second row SNR= 10 dB; third row SNR=-10 dB. Left
column: Configuration 1; middle column: Configuration 2; right column: Configuration 3. The theoretical spectral sets are the
colored regions between the vertical black lines.

in terms of noise level (SNR = +30 dB). As can be seen, the
GPR configuration (Fig. 7(b)) is not very reliable since the
reconstructions contain many artifacts and, in some cases, the
targets are not easily detectable (see void cylinder in scenario
A and all targets in scenario B). The images achieved with
single frequency RFT (Fig. 7(c)) highlight a lower presence
of artifacts and the contours of the targets are slightly better
defined. Notably, metallic cylinders are clearly distinguished
from void cylinders because only the contour is imaged due
to their non-penetrating characteristic. The scenario B still
remains a challenging situation for single frequency RFT,
where only the target in the center is partially reconstructed
and the two metallic cylinders appear as strong as artifacts,
due to the relatively low distance among the targets. The
reconstruction achieved in the case of the metallic cylinder

with a crack (scenario C) confirms that crack detection is more
reliable with single frequency RFT with respect to GPR. The
reconstructions provided by the inversion of multifrequency
RFT data (Fig. 7(d)) have a superior quality in all test cases.
Specifically, the contours of the targets are very well defined
even in the most challenging scenarios (B and C). Also,
multifrequency RFT allows imaging the metallic cylinder with
the nearby crack (scenario C).

When the SNR decreases to +10 dB see Fig. 8, the GPR
imaging configuration becomes even less reliable than before
and yields acceptable results only in test case C. Conversely,
single frequency RFT provides better results, with the excep-
tion of case B that is characterized by ambiguous images with
many artifacts. Multifrequency RFT provides again superior
quality images, which do not suffer from the increased noise
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Fig. 6: Simplified representation of the scattering phenomenon.
In a homogeneous medium model (a), there is a single ray path
from the source to the target. When the medium is modeled as
inhomogeneous (b), the target is illuminated by the direct ray
and rays undergoing reflections in the pillar,thus increasing the
illumination diversity of source.

TABLE III: Entropy of the tomographic images for each test
case and SNR value

SNR [dB] Config. Scen. A Scen. B Scen. C

−10
1 6.64 6.68 6.66
2 6.60 6.60 6.55
3 6.24 6.42 5.72

10
1 6.56 6.59 6.25
2 6.13 6.14 5.02
3 5.42 5.95 4.95

30
1 6.47 6.56 5.77
2 6.13 6.16 5.43
3 5.37 5.93 4.88

level.
The tomographic reconstructions achieved from very noisy

data (SNR = −10 dB) are displayed in Fig. 9 and reveal the
importance of multifrequency RFT to achieve images with
physical meaning in all the considered cases. Indeed, both
GPR and single frequency RFT provide completely unreliable
results.

Finally, the entropy data of the tomographic images found
in each test case are summarized in Tab. III. The observed
trend in the data versus SNR and measurement configuration
is in full agreement with the previous findings.

V. CONCLUSIONS

We compared different imaging strategies for the non-
invasive characterization of pillars. Conventional ground pen-
etrating radar has been compared to single frequency and
multifrequency radio frequency tomography. The resolving
power of the three configurations has been investigated in
detail. Specifically, a Singular Value Decomposition of the
relevant scattering operator has revealed that, as a direct
consequence of multiscattering effects arising in the pillar, all
configurations share a similar spectral coverage and resolution
limits. However, the capability to detect a target is strongly
dependent on the scenario and the noise level on the data. In
this respect, despite the major complexity of the measurement
system, multifrequency radiofrequency tomographic configu-

ration has proved to be the most robust and reliable imaging
strategy.

The experimental validation of the radio-frequency tomo-
graphic approach in the case of concrete pillars will be subject
of future work.
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