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Preface

This thesis collects the main results of the Author’s three-year Ph.D. in
Electromagnetics and Mathematical Models for Engineering at ‘Sapienza’
University of Rome, under the tutoring of Prof. Alessandro Galli. Four
months of that period have been spent as Visitor Scholar at the Univer-
sity of Rennes 1, Rennes, France, under the tutoring of Profs. Ronan
Sauleau, Mauro Ettorre and Guido Valerio. The dissertation mostly
deals with the analysis and design of different kind of antennas and
related propagation features, concerning a wide set of sensing applica-
tions. Specific attention has been given to Ground Penetrating Radar
(GPR) by developing an ad-hoc full-wave numerical setup based on a
commercial CAD software, with the aim of analyzing some important
electromagnetic issues involving both the radiative system of this instru-
ment and the post-processing procedures on the collected data. Even
though the overall activity is rather heterogeneous, most of the topics
that have been considered are related to the near-field region of the rele-
vant electromagnetic fields. The work is divided into five chapters and
is mainly focused on new techniques and relevant results rather than on
well-established instruments and approaches. Nevertheless, attention
has been paid to provide the Reader with the essential background in-
formation useful to easily deal with the original material presented here.
To better emphasize the state-of-art of the considered topics extensive
references to previous works have been inserted; in addition, throughout
the work some references to published journal and conference papers
have been highlighted to further guide through later advances on these
topics.

Part I deals with the propagation of an electromagnetic pulse at the
interface between two half-spaces. The results outlined and discussed
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are not only interesting for themselves but are also useful for the rest of
the work. Indeed, an interfacial short dipole can be seen in first approxi-
mation as the simplest model for a GPR system. Its solution can be faced
analytically but only for observation points placed in far-field region of
the considered source. Thus, to characterize the electromagnetic field
produced at the interface a numerical solution has been carried out,
giving also the possibility of extensively analyzing the region of space
near the transmitting short dipole (typically at distances less then one
wavelength) where the receiving antenna of a GPR system is usually
located. A numerical model of a more realistic antenna has been carried
out as well, suitably sampling a half-wavelength dipole by means of
equispaced short dipoles.

Part II deals with the numerical characterization of GPR systems
for geophysical and planetary applications. In particular, attention is
devoted to the design of free-space and ground-coupled antennas, that
will be exploited later to conduct numerical analysis in various realis-
tic scenarios. A full-wave model of the GPR system designed in the
framework of the ExoMars mission on Mars has been developed as well.
Moreover, in collaboration with the Earth and Space applied physics
laboratory of ‘Rome Tre’ University an ad-hoc experimental setup has
been exploited to conduct GPR measurements by means of commercial
systems. It is important to note that the overall activity developed in
this part of the work mainly aims at analyzing the capability of these
systems to detect, locate, and reconstruct dielectric and metallic targets
buried in the shallow portion of the considered soil, i.e., in the near-field
region of the considered antenna. Finally, a novel and potentially very
interesting technique for fast and low-cost estimation of the electromag-
netic parameters of shallow soils has been investigated; a reliable and
efficient full-wave model of a commercial GPR system has been designed
and a comparative set of numerical and experimental studies have been
developed.

In the first section of Part III a well-known and established imaging
procedure based on the solution of a linearized inverse problem has
been described and applied on the numerical data developed in Part II,
and also to some significant experimental radargrams. This activity has
been carried out in collaboration with the Institute of Electromagnetic
Sensing of the Environment at the National Research Council of Naples
(IREA-CNR) and it has been mainly aimed at extensively investigat-
ing the capability of GPR systems to reconstruct the main features of
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metallic and dielectric targets having dimension comparable with the
dominant probing wavelength and buried in the near-field region of the
considered antenna. To introduce the Reader to this kind of algorithm,
the overall approach has been shortly summarized by starting from the
formulation of the scattering problem. Hence, the concept of ill-posed
and non-linearity for an inverse problem has been described. The sec-
ond part of this activity contains an original advanced implementation
of the microwave tomographic algorithm just described. Basically, a
new approach capable to take into account the real far- and near-field
distribution radiated by the considered antenna has been designed and
implemented; thus, the reconstruction obtained with the novel imaging
procedure has been compared with those obtainable with the conven-
tional procedure, considering both a simple 2D scalar scenario as well
as a more involved 3D vectorial implementation.

Part IV deals with a different topic focused on the study of advanced
antenna systems. It has been mainly developed in collaboration with the
researchers of the ‘Electromagnetic Field 1’ Lab, at the Department of
Information Engineering, Electronic and Telecommunication of this Uni-
versity, and considers the design of a reconfigurable leaky-wave antenna
based on planar geometry. Modal properties of both closed and open
structures made by a Fabry-Perot cavity antennas have been extensively
studied, both with analytical and full-wave approaches. In particular,
the radiative properties of a parallel-plate waveguide having the up-
per wall made by a periodic high impedance surfaces and excited with
simple sources have been analyzed through a suitable implementation
based on the reciprocity theorem. In this context a novel and efficient
equivalent transverse network for this kind of structures has been devel-
oped, considering a wire-medium slab symmetrically inserted inside
the structure with the aim to suppress spurious radiation due to the
TEM mode as well as to higher order TM leaky modes, keeping sub-
stantially unchanged radiation of the TM; mode. The results have been
validated by means of multi-modal Bloch analysis of a macro-cell, that in
turns has been solved through a full-wave approach with a commercial
code. A very good agreement has been obtained on a geometry suitably
designed to provide omni-directional conical patterns with very wide
angular scanning ranges and reconfigurable features of polarization.

Part V, whose topics have been investigated at the University of
Rennes 1, treats the design and optimization of a novel antenna capable
to focus the near-field distribution of the radiated field. This represents a
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very attractive feature for a wide variety of applications such as imaging,
diagnostics and wireless power transfer. Non-diffracting solutions of
the scalar wave equation are typically named Bessel beams, and the
possibility of generating this particular configuration by means of ra-
dial waveguides has been investigated in the past years. More recently,
thanks to a customized optimization algorithm, the capability of a Ra-
dial Line Slotted Antenna (RLSA) to focus energy in a limited region of
space has been also investigated. In particular, slot positions and dimen-
sions required to generate a zero-order Bessel beam on a certain plane
in the near-field region have been suitably determined. By following
the interesting results achieved so far, in this thesis the possibility of
designing and focus a higher-order Bessel beam showing an azimuthal
phase variation is evaluated; this allows us to produce an orbital angular
momentum (OAM) beam, of recent great interest at radio frequencies.
Indeed, OAM may be capable, among other applications, of an increased
capacity of communication channels, and enhanced remote sensing.
The list of references and publications conclude the work.



Part ]

INTERFACIAL PROPAGATION






Introduction

Since many decades, wave excitation and propagation in planar lay-
ered media has been one of the most intensely studied topics in electro-
magnetics (see [1]-[6]). In addition to the quite straightforward and
elegant mathematical formulations of the problem ([1, 2]) and of rele-
vant numerical analyses, such structures have been proved to be of great
interest in a wide range of applications. In the last decade, the interest
in this topic renewed, due to the great amount of research related to fast
and reliable numerical codes. Generally speaking, when an elementary
source is placed at an interface between air and one or more dielectric
layers (possibly lossy), a canonical issue commonly named Sommerfeld’s
problem is defined [7],[8]. Since early years of 20th century this problem
has been widely faced [9]-[16] aiming at analytically evaluating the
far-field produced by antennas placed on the Earth surface. For some
specific cases efficient and elegant closed-form expression have been
obtained [9]-[11], that were very useful for the solution of communica-
tion problems. On this topic, a well-known controversy related to the
presence of a wrong sign in the seminal paper of Sommerfeld also arose.
More recently, two review articles [17, 18] have been published, giving
a complete description of the problem and of the related issues.

In the second half of the 20t/ century various authors were interested
in the evaluation of the far field produced in a dielectric half-space by
an interfacial dipole [19, 20], but only in the Seventies two important
papers [21, 22] investigated the possibility of determining electrical
properties of low-loss soil and to detect its subsurface stratification for
environments moderately transparent to electromagnetic waves, naming
this procedure radio interferometry depth-sounding. In particular, this half-
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space solutions has shown that an interface modifies the directionality
of the antenna and that a regular interference pattern is present in the
surface fields around the source. These two works paved the way for the
development of the Ground Penetrating Radar, as it is understood today.
Indeed, in the following years both the engineering and geophysical
communities extensively analyzed the far-field behavior of horizontal
simple or loaded dipoles over an interface [23]-[25]; in addition, the
possibility of modeling the interaction between a transmitting and a
receiving dipole on a dielectric soil was also investigated [26]-[29]. It is
interesting to note that a time-domain characterization of the far field
produced by an interfacial dipole has been also proposed in various
papers [30]-[32].

To the Author’s knowledge, very few works have attempted in some
way to analyze the near-field distribution generated by an interfacial
short dipole. A first contribution was described in [33], where an FDTD
code was developed to provide a temporal sketch of the pulse radiated
near a dipole placed at the interface between two media. It is important
to note that this topic represents a natural extension of the Sommerfeld’s
problem, briefly introduced at the beginning of this section.

On this basis, in the following we propose a numerical solution of
this problem to describe the near-field distribution produced by interfa-
cial elementary sources, aiming at gaining valuable information on the
behavior of the electromagnetic field with respect to the electrical param-
eters of the medium and to the position of the antennas on the surface.
We start from a typical formulation of the problem at hand, proposed in
[34], solving the relevant integrals in the complex plane by developing
an ad-hoc MatLab code. The results have been validated in the far field
region by considering an asymptotic solution of the problem already
available in literature. A more realistic basic antenna configuration has
been also synthesized by suitable sampling a horizontal half-wavelength
dipole through n short dipoles. A number of interesting information
have been obtained, which have proved to be useful for some topics
investigated in the second and the third part of this thesis.



1. Radiation from Line Source

1.1. Radiation from interfacial line source

The simplest ideal scenario to model standard GPR surveys can be
seen as made by two half-spaces, i.e., by two indefinite flat, isotropic,
homogeneous, non-dispersive and non-magnetic media, having two
different values of the dielectric permittivity, namely e; and €, for the
upper and lower half-space, respectively. Almost always throughout this
work €1 = g, representing a vacuum free space medium. Consequently,
at least in first approximation, the geometry of the problem at hand can
be considered as two-dimensional (2D) and a line current placed at the
interface can be assumed as an ideal source of an electromagnetic signal.
As is known, the first 2D problem extensively studied and analyzed,
which models a wave impinging on an inhomogeneous medium, was
that of reflection and refraction of a plane wave on a flat interface. It was
solved and published for the first time by Fresnel in 1823. In particular,
a primary wave made by an incident plane wave on the interface was
considered and the direction of the refracted and reflected waves were
simply evaluated defining the well-known Snell’s laws. In the following
we are going to consider a cylindrical wave radiating from an elementary
source placed exactly or at a certain distance i from an interface. Even
though this 2D problem can be modeled by a simple scalar Helmholtz
equation, it cannot be solved by means of the method of separation
of variables, because of the additional boundary condition that have
to be enforced along the interface. Consequently, a spectral domain
method will be exploited here, which reduces the problem of finding a
solution to a complex integration. [35, 36]. To formulate the problem
mathematically, we introduce a Cartesian coordinate system (x,y,z)
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y
A
b
r 1
1 | B,
- h! : 1
air H :
1 & >~
ground z x
Erz

Fig. 1.1. Line source (red dot) placed at a distance /1 from the interface of two dielectric
media represented by ¢; and 5, respectively.

wherein the z axis lies along the extension of the line source; as shown in

Fig. 1.1 the plane of the interface is given by y = 0. By starting from the
Maxwell’s curls equations, thanks to the 2D approximation (d/9dz = 0),

we can write

JoE,
En
JoE,
dx
JEy
ox
J0H,
dy
J0H,
ox
oH,
ox

—jwpHy

jwuHy

OE,
dy

= —jwpH;

= jweEy

= —jweE,y,

oH,

Y

= J; + jweE,

(1.1)
(12)
(1.3)
(1.4)
(15)

(1.6)

Now, by grouping these six equations in two independent sets, namely

transverse magnetic with respect to z (T M?, having as non-null com-
ponents E;, Hy and Hy) and transverse electric with respect to z (TE?,
having as non-null components H;, E, and Ey), we can see that those

not containing components of the electric field in the z-direction (i.e.,
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TE? ) are source-free, consequently the only possible solution of this set
of equations consists of the null field. Hence we can write

H, = Ex = E, = 0. (1.7)

To solve for T M~ fields we can put equations (1.1) and (1.5) in equation
(1.6), thus by recalling that ], = Ipd(x)d(y) we have

1 9E
=~y (-
1 0E,
Y= Jou ox (1.9)
0’E, 0°E
T2 T gy TRE: = jophd(x)3(y) (1.10)

where y = g everywhere, k* = k3 = w?pgeq for y > 0 and k* = n%k3
for y < 0. Next, by combining the spectral representation and the Green
function [35] we can easily find the solution of (1.10). Specifically, by
enforcing the Sommerfeld radiation conditions and recalling the spectral

representation of the operator 9% /9x? [35]
S(x—x) —f/ eltxlr=2) g (1.11)

multiplying both sides of (1.11) by E.(x', ) and integrating over (—co, o)
on ky we obtain the spatial Fourier transform pair

1 [ 4 ;
Ez(x/y) == ELOO Ez(kx,y)ejkxxdkx

2 | (1.12)
Ifz(kx,y) :/ Ez(x,y)e_]k"xdx.

Hence, by taking the Fourier transform of both side (1.10) we van write

L. (ky, . ,
Zéﬂx‘y> + Ky Ex (kv y) = jwplod(y) (1.13)

where k, = & \/k2 — k2. Tt is important to note here that for the upper
half-space (y > 0) k? = k3 and we can denote E; by E.,, whereas for the
lower half-space (y < 0) k? = k? = n%k3 and we consider E., in place
of Ez . Since E, must satisfy the radiation condition for y = —co and
y = oo, by solving the associate Green function problem, we can show
(see [35,36]) that solutions of (1.13) must have the following form

2, = Ae IV K-k for y>0

) o (1.14)
B, = AelVE=Ry  for y <0
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thus the constant A is taken to be the same in both expressions because
E, must be continuous across the interface, and for y = 0 we must have
E, =E,,.

To find the value of A we should integrate equation (1.13) with
respect to y from —Ay to Ay, consequently it is easily shown [36] that
for Ay — 0 we get

jwhol 1
2 ; ’
TK-RBriVE-R
Finally, equations (1.14) and (1.15) completely define the electric field
in both the half-spaces, thus substituting and transforming back to the

A= (1.15)

spatial domain we can write

E., (x,y) ]“J,MOI / eIV Ky
1
©j JR—2+j R

e*¥dk,  for y >0

(1.16)

,ka

y) ]WHOI/
i /i2 - k2+]\/k2 2

E.,(x, ek gl for y<0.

(1.17)

We cannot obtain, for these integrals, a closed-form solution for every
point of the space surrounding the line source. However, as shown
n [36], an exact evaluation is possible for points along the interface
(y = 0). To gain a description of E, out of the interface we can resort to
an asymptotic evaluation of the integrals, as shown again in [36]. Inci-
dentally, to determine the far field distribution of the line source may be
most convenient to use the cylindrical coordinates (p, ¢); consequently,
by putting x = p cos ¢ and y = psin¢ in equations (1.16) and (1.17) we
obtain the sought integral representation of E;, and E,,. For kgp — o0
and 0 < ¢ < it is possible to get the following expression
jkop—j%
Ezlfurfield = 6\0/‘1% (1,121_1><Sin2 (P - Sincp nZ - COS2 4’) e\/@
(1.18)
while, for kep — o0 and 0 < ¢ < ¢ (where ¢ is the critical angle
defined as cos ¢ = 1/n) we obtain

(U‘Z/l()l n gi”kopff%

nsin? @ + sindy/1 — n2 cos? ) ———
¢ ¢ ?) ko
(1.19)

E -
220 £4r field V2 (n2—1) (
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Finally, for k,p = ccand —¢ < ¢ < 0and —7 < ¢ < —71 + ¢ we have

A
__wpol n .9 - T e i
Bostia = mm(HSIH ¢ + jsingy/n? cos? ¢ 1)W
(1.20)

These formulas give the possibility of obtaining an immediate descrip-
tion of the far field radiated by a line source place at an interface between
two dielectric media. Just as an example in Fig. 1.2 the behavior of the
E, component with respect to ¢ angle (measured starting form the hor-
izontal axis) has been reported. Specifically, the pattern in the upper

Asymptotic Solution (air)

90
] 120 60
08
. .
06 \ 30
0.4 / \\\\ \
@: 0.2 |
< | | | |
s 0 — 0
E_ . P J |
N N /," /
AN /
210 . I~ L 71 /330
. y
240 I 300

270

Fig. 1.2. Far field pattern for an interfacial line source, whose lower medium has a permit-
tivity e, = 3.2 (lower medium air) for a frequency f = 1 GHz.

medium, whose index of refraction is less than that of the lower one,
has a single lobe with a maximum normal to the interface. The pattern
in the subsurface region has two peaks separated symmetrically by a
minimum. An interesting physical interpretation of such a behavior has
been given in [36] .

1.2. Numerical solution of the integrals

As highlighted in the previous section, the integrals modeling the
electromagnetic field radiated by a line source placed at an interface



10 AnNALysiS AND DESIGN OF ANTENNAS AND ALGORITHMS FOR NEAR-FIELD SENSING

between two dielectric media cannot be evaluated in closed form. Even
though an asymptotic solution is available, in the framework of GPR
application we usually need to characterize the electromagnetic field
in the region surrounding the antenna, both at the interface and in
the lower medium. In particular, a detailed description of the signal
which propagate along the interface and on the direct path between
the transmitting and receiving antenna of a GPR system may be of
paramount importance for some applications. Just as an example, the
characterization of the time-domain pulse collected by the receiving
antenna can provide some pieces of information regarding the electrical
properties of the lower medium. In this framework, different techniques
have been analyzed; we will give a wide description of the state of art
and of future perspectives of this activity in next sections. Since an
interfacial line source can be seen as an elementary antenna of a GPR
system (actually the simplest possible source), we are very interested in
the analysis of the spatial behavior of the radiated electromagnetic field.
Even though here we are operating in the frequency domain, by suitable
sampling the Fourier transform of the time-domain pulse transmitted by
an ideal system, we can easily synthesize the signal radiated by a GPR
antenna. To characterize the electric field a numerical solution of the
integrals (1.16) and (1.17), representing the solution of the problem at
hand, will be given. Basically, by means of an ad-hoc customized MatLab
routine we have implemented a solution of the involved integrals in the
complex plane, reported in the following for convenience.

ef¥dk,  for y >0

wiol e Vi Ry
Ex(ry) = ol [

INC RN

(1.21)
k —K3y .
E.,(x,y) ]wyol/ eF¥dk,  for y <O.
kS — K2+ j\/kE — K2
(1.22)

It is worth to note that both these integrals are made by a complex
exponential term (i.e., ¢/*¥) that is always oscillating for k, ranging
form —oo up to oo, and by a term decaying as Lk/ which in turns not
converge at all. Anyway, considering these two terms together allows the

. . . i 2_12
integral to converge, even in a very fast way since the term e*/ vk =k
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——— Asymptotic Solution (air)

Numerical Solution

= Asymptotic Solution (air)

90 Numerical Solution %
4 120 60 . 120 B 60
0.8 0.8
06 | 30 06
04 T 04 i
o 02 o 02 )
3 b 3 }
g o 0 Io — 4
w" w" X
q )}
210 | \ 3 330 210 /
v = Y
Y \/
240 300 240 300
270 270
(a) (b)
= Asymptotic Solution (air) —— Asymptotic Solution (air)
Numerical Solution 90 Numerical Solution %0
1 120 60 1 120 60
0.8 0.8
0.6 30 0.6
04 0.4 |
g 0 S [ E o b — s
w" N w" 4 R
210 ¢ J 330 210
X o % A
e Q o
S \ > « o
240 300 240 300
270

(©)

(d)

30

330

30

330

11

Fig. 1.3. Comparison between numerical (gray circles) and asymptotic far-field patterns
(solid lines) for different values of the permittivity of the lower medium (a) &, = 3.2, (b)

& =10, (c) &

=30, (d) & = 50.



12 ANALysIS AND DESIGN OF ANTENNAS AND ALGORITHMS FOR NEAR-FIELD SENSING

has a real exponential for ky > k¢. Incidentally, by plotting the behavior
of the kernel of the integral at hand we would see that the fundamental
contribution to the sought solution is given by values of k, ranging
between —k( and ko, allowing to stop the numerical integration at a
value of ky = £5kg. Let us point out, finally, that the kernel of the
integral shows two pairs of branch cut, given by the square roots at
the denominator and respectively placed at ky = *kg and ky = *k..
Consequently, we have to suitably choice the right Riemann surface,
deforming the integration path in the complex plane [2].

To give a validation of the results obtained by means of our cus-
tomize integration routine, a comparison between the asymptotic model
previously introduced has been reported. In particular, in Fig. 1.3 the
numerical results carried out by putting p = 10A inside the integral are
in excellent agreement with those obtained by means of the asymptotic
solution (based on the method of the stationary phase).

Being the code validated, we can analyze the behavior of the electric
field in the near-field region, by considering typical distances where a
transmitting and a receiving GPR can be placed. In Fig. 1.4 a field map at
two distances, equal to A /2 and A, have been reported, considering also
three different values for the permittivity of the background medium.
As for the far-field case, even though it is not so intuitive and clearly
predictable, the field is more confined inside the lower medium, while
inside the upper one it becomes less and less strong.

Furthermore, in Fig. 1.5 more detailed behaviors of the electric field
for a number of permittivity values of the lower medium have been
reported. A particular good sensitivity of the field in air is observed
with respect to different values of ¢,, ranging from 2 up to 50, that paves
the way to some interesting applications, when a bistatic GPR system is
exploited to radiate and collect waves propagating along the interface
of two half-spaces.



1. Radiation from Line Source
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Fig. 1.4. (a) Numerical near field for p = A/2 and for different values of the permittivity
(b) Numerical near field for p = A and for different values of the permittivity.
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Fig. 1.5. Near-field distribution of an interfacial line source for a number of permittivity

values (see legend).



2. Radiation from Short Dipole

2.1. Vertical electric dipole

In this section the radiation generated by a vertical electric dipole
(VED) placed at an interface between two half-spaces will be analyzed.
Even though such a configuration is not coherent with respect to typical
GPR surveys, where transmitting and receiving antenna in most cases
are ground-coupled horizontal dipoles, it is useful to give valuable in-
formation about the physics and mathematics background lying behind
these kinds of problems. Moreover, the solution outlined in the follow-
ing is a bit less complicate from an analytical viewpoint; the geometry of
the scenario at hand shows an azimuthal symmetry, allowing to make
simpler the involved vectorial problem and to develop the computa-
tional issue in more convenient conditions. The electromagnetic field
radiated by an interfacial VED can be described by the Hertz vector 7,
whose rectangular components must satisfy the scalar wave equation

P o
Jjweg
the current carried by the electric dipole of equivalent length L, located
at 1’ is given by
J. = IL6(x — 1) (2.2)

where for convenience we let

IL

P 1. (2.3)

The dipole is located at z = & in air, where the wave number is k, w