UCL UNIVERSITE CATHOLIQUE DE LOUVAIN

Université ECOLE POLYTECHNIQUE DE LOUVAIN
catholique

delLouvain ICTEAM INSTITUTE

Analysis and Design of Wideband
Antenna Arrays for Near-Field Imaging

Khaldoun Alkhalifeh

Thesis submitted in partial fulfilment of the
requirements for the Ph.D. Degree in Applied Sciences

Thesis Committee
Advisor: Christophe CRAEYE, UCL, Belgium
Jury: Piotr SOBIESKI, UCL, Belgium
Sébastien LAMBOT, UCL, Belgium
Alexander YAROVOY, TU Delft, the Netherlands
Enrica MARTINI, University of Siena, Italy
President: Jean-Pierre Raskin, UCL, Belgium

Louvain-la-Neuve, Belgium.



To my parents, brother, sisters, Nour and wife
for their endless love



Abstract

Ultra-Wide Band (UWB) radar systems are widely used for different applica-
tions such as imaging systems and Ground Penetrating Radar (GPR). To real-
ize such UWB antennas, different characteristics in terms of geometry and ma-
terials need to be used. Three-dimensional metallic antennas attracted great
attention for systems which require the miniaturization of antennas. The ob-
jective of this thesis is to add insights into the design and analysis of 3-D
antennas and arrays for ground-penetrating, imaging and wireless commu-
nication applications. This is done by contributing to the development of fast
numerical methods able to analyze large antenna arrays and, in particular,
by adding the contribution of the ground on antennas placed close to it. The
thesis intends to explain the design of 3-D multiband antennas and circular
arrays of UWB antennas, based on both numerical simulations and validation
with measurement.

In the analysis of antenna arrays, the mutual coupling phenomenon has to
be seriously taken into consideration. The radiation patterns of a single ele-
ment in an array differs from that of the same element when it is isolated, due
to the mutual coupling contribution. One proposed solution to mitigate the
mutual coupling effect is to design the array in a connected, possibly circular,
shape. This solution avoids the current distributions flowing along the edges
of each individual antenna, and allows them to flow through every consecu-
tive element. The radiation patterns of all elements in the circular array will
be the same, except for a rotation with a certain phase shift, which allows us
to use the Array Scanning Method (ASM) to analyze large arrays. The results
for design and fabrication of various single antenna prototypes are presented
with good correspondence between simulation and measurement. The valida-
tion of applying the ASM on a circular array of Vivaldi antennas is presented
through a comparison of the brute-force MoM system of equation with the
ASM solution. The fabrication of a novel circular array of Vivaldi elements
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is also revealed with very good agreement between simulation and measure-
ment. We named the prototype the "Wheel-of-Time (WoT)”. The WoT pro-
totype will be used for locating and imaging targets in the area of radiation
exposure. An initial near-field image of a metallic tube in the area of radi-
ation exposure is depicted, and the target is localized. The WoT prototype
with two different metallic cylinders have been simulated using the ASM ap-
plied to the Method of Moments. The resolution between metallic cylinders is
investigated experimentally and numerically. Preliminary results are also pro-
vided regarding reconstruction of a dielectric cylinder positioned in the area

of radiation exposure.

An important component in the development of water leak detection is to
design a 3-D UWB antenna, i.e., to detect underground leaking pipes. Low-
frequency antenna design is challenging due to the expected large dimensions
of the radiator. The bandwidth of interest is set from 0.25 GHz to 2.5 GHz. A
UWB Vivaldi antenna design has been proposed with 60 x 41 x 1.5 cm dimen-
sions. We took as an objective to minimize the antenna weight by introducing
holes in specific positions related to the current distributions. The proposed
antenna was fabricated and measured at UCL. The comparison between mea-
surements and simulations is very satisfactory, with a bandwidth from 250
MHz up to 2 GHz under a -10 dB criterion in terms of reflection coefficient.
Preliminarily tests have been carried out to examine the effect of the nearby
ground on the measurement. The trials have first been carried out using the
CST commercial software with two different permittivities, and it shows the
effect of the ground appears at low frequencies in terms of reflection coeffi-

cient.

For the GPR application, the antenna is very close to the medium, such as
the lossy ground, which will strongly modify the antenna input impedance
and radiated near-fields. This modification can be added on antennas by the
explicit use (or pre-computation) of the layered-medium Green’s function.
The newly proposed method gives an alternative efficient solution by intro-
ducing the effect of the ground via a reflection coefficient defined in a 2-D
spatial-spectrum domain. This allows the evaluation of a matrix that exclu-
sively accounts for the contribution of the ground to the MoM impedance ma-
trix of the antenna. This is then added to the free-space MoM matrix, which
can be computed once and for all. Moreover the extra matrix including the
ground contribution can make use of precomputed radiation patterns of ev-
ery basis function on the antenna, which are independent from the ground
parameters. We name the method Fast Ground Contribution Matrix (FGCM).



The number of samples in (complex) spectral domain is dramatically reduced
by explicitly compensating truncation with aliasing errors in the spectral inte-
gration. The FGCM method is able to simulate the antenna response for arbi-
trary soil parameters (permittivity, conductivity, permeability, etc.), assuming
multi-layered media. To demonstrate the accuracy and efficiency of the pro-
posed method, numerical results for a 3-D metallic Vivaldi and typical dipole
antennas are presented. A good agreement among the exact Method of Mo-
ments (MoM) solutions, the simulation results, and measured data is observed
over an ultra-wide bandwidth.

Finally, we gathered the FGCM method with Macro Basis Functions (MBFs)
and the Contour-Fast Fourier Transform (C-FFT) methods to analyze large
planar antenna arrays placed vertically above a layered substrate. The FGCM
method was successfully applied to a regular array of dipole antennas, taking
the benefit of accelerated computations of interactions between MBFs using
the C-FFT method.

In the appendix, a 3-D metallic bulb antenna (a type of monopole) is de-
signed and fabricated for overhead line monitoring systems. The antenna
functionality consists of sending data, provided by a sensor developed at the
University of Liege, to the central server, and to cover both GSM bands, i.e.,
900 MHz and 1800 MHz. In a first step, the bulb antenna operating at 900
MHz was designed and fabricated. An excellent agreement was obtained be-
tween measurement and simulation in terms of reflection coefficient and radi-
ation patterns, and a bandwidth between 745 MHz and 995 MHz is obtained.
Then, we developed the bulb design to be able to also resonate at 1800 MHz.
A novel simple dual-band bulb antenna solution was proposed; it covers the
bandwidth from 785-890 MHz and from 1.8-1.98 GHz under a -10 dB criterion

in terms of reflection coefficient.
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Introduction and

Motivation

The UWB technique has attracted a great interest for communication systems,
Ground Penetrating Radars and Medical Imaging. Antenna arrays for UWB
applications need to exhibit wide bandwidths for input impedance and radi-
ation patterns. Recent research in medical applications has shown interesting
results to detect breast cancer by UWB imaging technology [1]. The near-field
radiation can be used efficiently to illuminate breast tumors. Detection of hid-
den low-visible targets, as is the case in robotic or security sensors, needs UWB
radars which could provide high range resolution [2]. In this thesis, various
UWB antenna designs have been realized in the form of prototypes devoted
to different applications. We attempt to use simple and efficient techniques in
fabrication to obtain robust UWB radar systems. Fast numerical methods have
been developed to analyze large circular antennas arrays, taking into account
the mutual coupling between elements. Additionally, a novel fast method to
add the contribution of the ground on 3-D metal antennas has been developed

and extensively tested.

1.1 Background

The Federal Communications Commission (FCC) allocates the 3.1-10.6 GHz
spectrum for UWB radio applications [3], which presents a myriad of excit-
ing opportunities and challenges in the field of communications; and entails
important efforts in terms of antenna design. Some applications require oper-
ating bandwidths up to greater than 100% of the center frequency, where low
and high frequencies are needed for essentially different purposes. Security
applications also become a high priority in society due to terrorist threats in
the last few years. Radar imaging has been used for airport terminal secu-
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24 Chapter 1. Introduction and Motivation

rity [4]. For these applications, important efforts have focused on high reso-
lution and on developing fast methods to provide images in real time. In [5],
a fast three-dimensional imaging method, the revised range point migration
(RRPM), is proposed to image a mannequin with a handgun. The proposed
method is able to image a target in unknown motion, and it can produce more
than 100 images within the processing time required for the F-K (frequency-
wavenumber) migration method. In [6], a design approach is proposed for
high resolution near-field imaging for a MIMO array that minimizes the num-
ber of antenna elements to achieve the required imaging performance. The
2-D MIMO array has an aperture size of 45 mm and exhibits consistent UWB
characteristics in the frequency band from 2.7 to 26 GHz. The suggested topol-
ogy achieves 1 cm cross-range resolution (-3 dB level) and -25 dB sidelobe level
with 12 antenna elements, in contrast to the classical arrays 2 cm cross-range
resolution and -20 dB sidelobe level.

In general, narrow-band antennas and propagation are studied in the fre-
quency domain. In the UWB case, it is also desirable to look at the frequency-
dependent characteristics of the antennas. From an other point of view, UWB
systems often rely on an impulse-based aspect, such that the time-domain ef-
fects should be considered. The time-domain responses of course are inferred
from frequency-domain characteristics through a Fourier transform [7]. In
general, over the whole bandwidth, it is recommended to get antenna radi-
ation patterns, gains and impedance matching as stable as possible. Based
on the application, directional or omni-directional radiation properties are
required. For mobile and hand-held systems, omni-directional patterns are
used. When high gain is needed for radar systems, directional radiation char-
acteristics are preferred. Due to its great performance in the UWB range, the
Vivaldi antenna [8] is chosen in this thesis as the main element in the design
of 3-D UWB systems. Theoretically, the Vivaldi antenna should radiate elec-
tromagnetic waves at a given wavelength when the width of the tapered slot
is nearly equal to half the wavelength. The waves appear as bound in the
region where the space between conductors is small compared to the free-
space wavelength, and begin to damp when going away from the antenna. In
practice, the upper operating frequency is limited by the transition from the
feeding transmission line to the slot line of the antenna. Also, the physical
dimensions of the antenna which rely on the characteristic length play a key
role for bandwidth limitation.

Nowadays, phased arrays are used in various applications for the versa-
tility of their radiation pattern. Antenna arrays could be formed in 1-D con-
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figuration, which needs the help of mechanical scanning in the direction or-
thogonal to the array to obtain images, or they are 2-D with the possibility
of fully electronic scanning. Circular antenna arrays have several advantages
over other types of array antenna configurations; such as the capability of
all-azimuth scan, invariant beam pattern in every ¢-cut, and flexibility in ar-
ray pattern synthesis. As long as the inter-element spacing almost remains
smaller than half of the wavelength, a uniform arrangement of elements can
be envisaged [9]. Recent studies showed the use of directional antennas im-
proves the accuracy of radio tomographic imaging (RTI) [10]. Directional an-
tennas can be formed by choosing combing the array elements. RTI is used
to estimate the locations of people and objects within the area of interest. All
these new antenna configurations need to be efficiently analyzed, in particu-
lar to determine the radiation pattern of each element in presence of the other
elements. Different computational electromagnetic algorithms have been de-
veloped to find the solution for a wide range of electromagnetic problems,
each with its own benefits and limitations. The Finite Difference Time Domain
method (FDTD) [11]-[13], and the Finite Element Method (FEM) [14]-[15] can
be very useful in the case of complex media such as non-uniform materials.
These methods use volume meshing, where it is necessary to discretize the
whole volume in addition to absorbing boundary conditions. So the num-
ber of unknowns increases with the cube of the linear meshing density. The
Method-of-Moments (MoM) [16] technique only uses a surface mesh without
requiring absorbing boundary conditions, and the number of unknowns in-
creases only with the square of the linear meshing density. In electromagnetic
problems, the number of unknowns increases with the number of elements
in the array, which costs more complexity and memory in the system. The
Array Scanning Method (ASM) technique allows the efficient computation of
induced currents in periodic structures. For circularly periodic arrays (or “dis-
crete bodies of revolution”) important time saving can be achieved, when all
elements are excited with an inter-element phase shift corresponding to an
integer fraction of 27t. Then, for excitation at a single element, the ASM can
be used. In the case of excitation at one port in an array of N elements, while
the remaining elements are passively terminated, the currents can be obtained
from infinite-array simulations [17], with the help of the MoM. Ground Pene-
trating Radars (GPR) are regularly used to investigate layered media [18]-[20].
To include the effect of the very nearby ground, the Green’s function for lay-
ered media needs to be used [21], which slows down the simulation process.
Also, antenna simulations are often carried out with a wide range of ground
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types (permittivity, number of layers, layer thicknesses etc.). This requires the
same antenna to be simulated many times with a large number of prospective
soil properties. The previous challenges lead us to a novel method which we
called the Fast Ground Coupling Matrix (FGCM). The extra matrix including
the ground contribution can make use of precomputed radiation patterns of
every basis function on the antenna, which are independent from the ground
parameters.

Many types of single-feed wire antennas were suggested to operate for
GSM wireless applications. A 3-D multi-branch monopole antenna for cellular
hand-set and portable equipments is proposed in [22]. The multi-wideband
antenna covers most GSM family standards. Three dimensional antennas at-
tracted great attention for systems which require the miniaturization of anten-
nas. H. Thal [23] has demonstrated that the lowest quality factor Q is achieved
by a spherical volume supporting the TM;y mode. 3-D electrically small dome
antennas originally appeared in [24], where metallic ink is printed onto con-
vex and concave hemispherical surfaces in the form of conductive meander
lines. Modifications to meander lines and feed structures had been suggested
to obtain a dual-band antenna [25]. The antenna displays its first resonance at
520 MHz with only -6 dB in terms of reflection coefficient. The state-of-art [25]
of a 3-D dual-band dome antenna exhibit a poor match with a complex feed-

ing network, which opens the opportunity to improve the work.

1.2 Motivation of this thesis

I have been working on several projects during this thesis with two main
objectives, the first is to design 3-D UWB metallic antennas for ground and
imaging applications as well as a dual-band antenna for overhead line moni-
toring systems, and the second is developing fast numerical methods to sim-
ulate large circular antennas array while accounting for the contribution of
ground on antennas. These projects also allowed me to acquire experience in
manufacturing and measurement of metallic and printed antennas. Most re-
search [26] presents antennas as just point sources in simulations, so we first
tried to fully simulate the behavior of 3-D antennas and to go further than
simulations and provide UWB radar prototypes allowing us to validate the-
oretical concepts. One wide line in this thesis is to improve the performance
of traditional Vivaldi antennas to arrive at compact and efficient prototypes.

Dealing with Vivaldi antennas is quite challenging due to their complex ge-
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ometry. The experience acquired in the field of 3-D metallic antennas could be
extended to the analysis and design of multi-band antennas for wireless com-
munication. The other line of research relates to accelerating the simulation
process of applying the Green’s function for layered media when a nearby
medium gets close to a given antenna. It is important to be able to acceler-
ate the simulation process such that, later, numerical analysis can be inserted
into an optimization loop, in order to improve the performance of the antenna
with respect to sensitivity criteria. In all our developments in this thesis, the
Method-of-Moments technique will be used. Fast numerical methods have
been developed in this thesis based on the MoM to either solve large circular

antennas array or to add the contribution of the ground on the antenna.

1.3 Objectives and novel contributions

The general objective of the thesis is to add deep perceptions into the de-
sign and analysis of antennas and arrays for ground-penetrating, imaging,
wireless applications, and to contribute to the development of fast numeri-
cal methods to analyze large antenna arrays and to add the contribution of
ground on antennas. It intends to present the design of 3-D single, dual-band
and circular UWB antennas providing numerical simulations and validation
with measurements. A special attention will be given to circular arrays of
inward-looking antennas, devoted to near-field imaging. Ten connected 3-D
elements in a circular configuration allow a sufficient space inside the array
to image the object under test. Also, choosing an even number of elements
allows one to find pairs of elements exactly in front of each other, which is
favorable to radio tomographic imaging. The novelty of the ground contribu-
tion on antennas consists of avoiding the explicit use (or pre-computation) of
the Green’s function by introducing the ground via a reflection coefficient in
2D spatial-spectrum domain. This allows the estimation of a matrix that exclu-
sively computes the contribution of the ground to the MoM impedance matrix
of the antenna. This is then added to the free-space MoM matrix, which can be
computed once and for all. Moreover the extra matrix including the ground
contribution can make use of precomputed radiation patterns for every basis
function on the antenna, which are independent from the ground parameters.

The thesis is divided into seven chapters covering the design of 3-D sin-
gle and circular Vivaldi antenna array for near-field imaging applications, the

design 3-D single Vivaldi antennas for water leak detection and the design
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of a 3-D dual-band bulb antenna for overhead line monitoring systems. The
second part focuses on fast numerical methods to account for the contribution
of ground on antennas and to simulate large antennas array with the help of
ASM, Macro Basis Functions (MBF) and Contour-FFT (C-FFT) approaches.

The outline of the thesis is as follows. Chapter 2 describes the design of
3-D circular antenna arrays for near-field imaging applications. We started
from the design of a traditional single Vivaldi antenna, then we improved its
bandwidth by adding a new degree of freedom in the Vivaldi design. When
the single Vivaldi prototype is validated by measurement, it is employed in a
circular array of 10 elements, which we later named as the “Wheel-of-Time”
(WoT) prototype. The ASM method applied to the MoM is applied to simulate
the full antennas array.

Chapter 3 deals with near-field imaging algorithms while using the Wheel-
of-Time (WoT) prototype. The near-field radiation of the WoT in the area of ra-
diation exposure is studied and tested, while discussing the mutual coupling
phenomenon between the elements. The WoT prototype is used to image and
localize metal targets from time-domain responses. Also, we used the proto-
type to distinguish between two different metal cylinders. Finally, we deal
with a dielectric target in order to image it with the help of the WoT.

Chapter 4 presents the design of a 3-D UWB Vivaldi antenna for water
leak detection application. This work relates to the SENSPORT project funded
by Région Wallonne. A novel Vivaldi antenna design, with larger dimension
and bandwidth than presented in Chapter 2, is detailed in this chapter. The
effect of modifying the traditional design of the Vivaldi antenna is discussed.
Since the antenna will be very close to the ground, the near-field radiation
has to be verified to ensure a sufficiently homogeneous response for near-
field imaging. The contribution of ground on the antenna characteristics was
evaluated using the CST commercial software, which obliged us to consider
a huge cube of medium below the antenna. Such a large antenna combined
with a huge cube of soil medium consumes a lot of time and memory during
the simulation process. Also, the whole process needs to be repeated when
changing any of the ground parameters. These limitations lead us to develop
a fast method to include the contribution of the ground in Chapter 5.

Chapter 5 details the mathematical formulations of a novel fast numeri-
cal method able to include the contribution of the ground on the antenna re-
sponse. We named the method as Fast Ground Coupling Matrix (FGCM). The
FGCM method is validated with respect to the brute-force MoM approach

and commercial software for a metal interface. Experimental validation is re-
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alized in the case of Perfect Electrical Conductor (PEC) and lossy media. The
performance of the proposed method is discussed by comparing the FGCM
computation times against reference solutions.

The previous chapter takes the case of a single radiator placed vertically
above ground. Chapter 6 deals with analyzing large antennas arrays placed
vertically nearby muli-layered substrates. The FGCM method is combined
with MBFs and C-FFT methods. The MBFs method is used to reduce the com-
putational complexity of the brute-force MoM technique. The C-FFT method,
developed in the Ph.D thesis of Shambhu Nath Jha, is used to accelerate the
evaluation of MBF integrals with Nlogo N complexity for the interactions in-
volving reflection by the ground. In this case, the method is extended to 3-
D antennas placed above the ground. Numerical validation of the proposed
method is provided.

Conclusions and perspectives are presented in Chapter 7.

Appendix I presents an interesting bulb antenna design for overhead line
monitoring systems. This work related to the OPTIGRID project funded by
Réegion Wallonne. A smart sensor has been developed at the University of
Liege; it needs an antenna to send the data to the central server. The antenna
needs to cover GSM bands (900/1800 MHz) and 868 MHz for local communi-
cation while presenting very smooth shapes to be able to withstand the high
electric field generated by the power lines. The first bulb prototype aims to
cover 900/868 MHz, with a good estimation to the effect of the sensor on the
antenna. An upgraded version of the single band bulb antenna has been de-
veloped to cover the second band of 1800 MHz. The final version of the dual-
band prototype is in the process of being tested and validated.

Appendix II presents the design and analysis of auxiliary radiators placed
in front of 3-D GSM antennas to support industrial research targeting the
health, longer duration and quality improvement living in a context of sus-
tainable development.
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3D Circular

Antennas Array for

Near-Field Imaging

Applications

The purpose of this chapter is to present a compact array design devoted to
near-field radar imaging applications. In order to observe the target from all
aspects angles, the array is composed of inward-looking elements. The ef-
ficient numerical analysis of the array becomes possible through the use of
the Array Scanning Method (ASM). We first show a 3-D single traditional Vi-
valdi antenna. Then we develop the traditional design of Vivaldi antenna to
fit the circular antenna array configuration. The optimization of main antenna
parameters are evaluated with brief literature review on tapered slot profiles.
The geometric parameters related to the elliptical curve of the Vivaldi antenna,
i.e., major and minor radii and center, are introduced as additional design pa-
rameters. Second, a 3-D circular array of 10 electrically connected elements is
simulated using the ASM applied to the Method of Moments, where the ASM
appears as a computationally efficient approach for simulating large sectoral
symmetrical structures. Finally, we show a UWB radar imaging prototype
comprising 10 antennas elements with good agreement between measure-
ment and simulation. This prototype will be used in the following chapters
for near-field imaging and for the localization of targets in the area of radia-
tion exposure.

This chapter is organized as follows. Section 2.1 presents a brief introduc-
tion about Tapered Slot Antennas (TSA) profiles. The design of a compact
3-D Vivaldi antenna is provided in Section 2.2 with main antenna parameters

optimization. Section 2.3 presents the 3-D circular Vivaldi antenna array struc-
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ture, as well as simulation and measurement results. Conclusions are drawn

in Section 2.4.

2.1 Introduction

Ultra-wideband radar imaging systems involving arrays have a great interest
in various short-range applications, such as medical imaging [27], through-
the-wall observation and airport security. Large fractional bandwidth and
small dimensions are critical challenges in the design of such arrays. Large
bandwidth is very important for well-controlled pulse generation and high
resolution. Recent studies devote great interest to lower frequencies, which
becomes a challenge for antenna miniaturization. Also, high resolution can be
obtained by using high frequencies. The UWB technique is widely exploited
in the field of medical imaging, in order to satisfy the constraints of sufficient
human body penetration and image resolution [28].

Tapered Slot Antennas (TSA), also named “Vivaldi” antennas by Gibson [8]
when he showed the exponentially tapered slot antenna, are known for their
ultra-wide bandwidth, light weight, and simplicity in terms of geometrical
configuration, making TSA great candidates for the unit cell of antenna ar-
ray systems. Printed Vivaldi antennas on substrate have been used in several
imaging systems [29]. Recent studies turned to metallic antennas to reduce
loss in the dielectric material [30]. Tapered slot antennas can be seen in sev-
eral forms, as shown in Fig. 2.1 [31]. The most popular Vivaldi antenna profile
is the exponential type (Fig. 2.1 (a)), and it is known for wide bandwidth with
minimal length. T. Wu and R. King have proposed full details of an exponen-
tial shaped antenna with lumped resistor loading to suppress any reflections
from the end [32]. Further work regarding the improvement of the resistively
vee dipole (RVD) is proposed by modifying the exponentially taper of Wu-
King profile [33]. Prasad and Mahapatra introduced linear tapered slot an-
tenna (LTSA) [34] (Fig. 2.1 (b)). The LTSA main parameters are the height and
flare angle. The elliptical profile is also widely used since this curve is tan-
gential to the slotline and to the aperture, allowing the flare to avoid angular
points (Fig. 2.1 (e)). This feature allows one to minimize the discontinuities
in the radiating structure [35]. R. Lee et al. [36] investigated the effects of the
tapered profile and of the curvature of the mounting structure on tapered slot
antennas, and it is found that both exponential and elliptical profiles have sig-
nificant effects on the gain, beamwidth, bandwidth and cross-pol level of the
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{c) (d) le)

Figure 2.1: Various taper profiles for planar UWB antenna: (a) exponential; (b)
linear; (c) constant width ; (d) dual exponential; (e) elliptical.

tapered slot antennas. A similar study is evaluated by P.H. van der Merwe et
al. [37] using a quad-ridged horn antenna, where the Vivaldi profile could be
used in forming the horn antenna profiles. The four investigated profiles were
an exponential profile with a linear taper, an elliptical profile, a cubic Bézier
profile and an exponential profile with a circular segment near the aperture.
The exponential and elliptical profiles yielded similar acceptable performance
in the high-frequency region, but high VSWR results in the lower portion of
the frequency band.

A uniform circular array (Fig. 2.2) can provide 360° azimuthal coverage
and estimate source elevation angle (outside the plane of the array). In view of
the cyclical symmetry of the array, the embedded element patterns are iden-
tical [38]. Circular arrays configurations are reported for many applications
such as medical imaging [39] and direction finding [40]. In the current work,
10-connected metallic elements were arranged in a circular array to form the
UWB imaging system, which we called the “Wheel-of-Time” (name proposed
by Eloy de Lera Acedo from University of Cambridge). The “"Wheel” is in-
spired from the circular array topology and the "Time” due to using time
domain responses for near-field imaging. New design solutions for Vivaldi
antennas were applied to improve the antenna efficiency over the bandwidth
of interest. The new method is based on the formulation of the tapered slot
shape, which is the main element of the antenna characteristics.



34 Chapter 2. 3D Circular Antennas Array for Near-Field Imaging Applications

Figure 2.2: Circular array configuration.

2.2 Design and fabrication of a 3-D single Vivaldi

antenna

In the first steps of this research, we started the design of the circular antenna
array by the design of a single traditional Vivaldi antenna. Then we modi-
fied the design to fit the circular antenna array, with new design solutions to

improve the antenna bandwidth.

2.2.1 Traditional Vivaldi antenna design

The proposed design has the following dimensions (Fig. 2.3):
e Width a=10 cm, length b=7 cm.
e Circular cavity of diameter D;=2.8 cm.
e Feed region: Wy = 0.25cm.Thicknesso f0.5cm.

o Type of taper profile: elliptical.

The antenna is designed and meshed using the GMSH [41] freely-available
software. A software developed at UCL based on the Method of Moments
(MoM) code is used to simulate the different structures.

2.2.2 Modified Vivaldi antenna design

The previous antenna geometry has been changed to fit the design of the cir-
cular array as shown in Fig. 2.4. The effect of modifying the traditional Vivaldi
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a

Figure 2.3: Layout of the 3-D traditional Vivaldi antenna.

Figure 2.4: Mesh view of the 3-D modified Vivaldi antenna.

antenna to fit the circular array configuration is presented in Fig.2.5, where a
better cut-off frequency is obtained in the traditional Vivaldi antenna due to
the larger width at the end of the taper profile compared to the modified one.
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Figure 2.5: The influence of modifying the traditional Vivaldi antenna.

The simulation result exhibits a bandwidth from 1.6 GHz to 4.6 GHz with
respect to a -10 dB matching criterion, except for the slightly inconvenient
peak between 2 and 3 GHz.

2.2.3 Vivaldi antenna optimization

The parameter study is carried out versus three main dimensions to be opti-
mized: antenna thickness, circular cavity diameter and antenna feed width.
Only one parameter is varied at a time, while all other parameters are fixed to
the values defined in Section 2.2.1.

2.2.3.1 Antenna thickness influence

Three different antenna thicknesses are chosen in this optimization 5, 10 and
15 mm to find the maximum antenna bandwidth. The results are shown in
terms of real and imaginary parts of input impedance, and reflection coeffi-
cient with reference to 50 (). The effect of antenna thickness appears signifi-
cantly on the antenna bandwidth, where by increasing the antenna thickness
a reduction in the antenna bandwidth is obtained (Fig. 2.6). Another obser-
vation is that there is virtually no influence of the thickness on the lower fre-
quency which is mainly affected by the antenna width.
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Figure 2.6: Effect of thickness on antenna impedance

2.2.3.2 Circular cavity diameter influence

37

We varied the circular cavity diameter from 16 to 28 mm. The direct con-

nection between the circular cavity diameter and the reflection coefficient is

clearly observed in Fig. 2.7. Increasing the cavity diameter value decrease the

antenna reflection coefficient, which produces a wider bandwidth below the

-10 dB criterion. On the other hand, it is shown that the circular cavity has

practically no effect in defining the lower frequency. The higher frequency

limit improves with decreasing the circular cavity diameter. The value of cir-

cular cavity diameter chosen in this optimization represents a trade-off be-

tween having the highest high frequency limit and remaining as far as pos-

sible below the -10 dB criterion, where the problem of slightly inconvenient

peak between 2 and 3 GHz is solved in Section 2.2.4.
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Figure 2.7: Effect of thickness on antenna impedance

2.2.3.3 Feed width influence

The variation of the feed width is taken from 2.5 to 4 mm. The length of
the feed is fixed at 2.5 mm. Several insights are observed in this parameter.
increasing the slot width has an inductive effect on the antenna impedance
through increasing the imaginary part of the impedance. Decreasing the slot
width slightly improves the lower frequency limit, where a significant im-
provement appears in the high frequency limit. Overall, decreasing the slot

width increases the antenna bandwidth.
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Figure 2.8: Effect of feed width on antenna impedance

It is recommended to affix a ground plane beneath the antenna to hold the
antenna properly, and to improve the isolation between the feeding port and
the antenna body. The width of the ground plane is chosen to 10 cm, and the
thickness to 5 mm for the optimized behavior. The effect of adding the ground
plane mainly appears at lower frequencies (Fig. 2.9). The effect of the ground
plane dimensions is shown in Fig. 2.10, where a larger ground plane produces
a lower cut-off frequency. A larger ground plane contributes in increasing the
antenna width, which may helps improving the cut-off frequency. To solve the
problem of the inconvenient peak between 2 and 3 GHz, and to optimize the
antenna for the entire required frequency band of 1.6 GHz to 4.6 GHz more
parameters should be played with.
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Figure 2.9: The effect of adding the ground plane on the reflection coefficient.
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Figure 2.10: The effect of ground plane dimensions on the reflection coeffi-

cient.

2.2.4 The improved 3-D Vivaldi antenna

The taper profile is the most important part of the Vivaldi antenna. Also, it is
possible to consider this radiator as operating a good matching between the
transmission line and free space. The distance between the positive and neg-
ative charges identifies the frequency of radiation for two wires [42]. Vivaldi
antennas are often designed with an elliptical taper profile. The taper profile
of a Vivaldi antenna represents the two wires in this case, where it provides
all possible distances between them from the higher frequencies (minimum
distance) to lower frequencies (maximum distance). As a result, the shape of

the taper profile is crucial for the antenna performance. The geometric design
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C

Figure 2.11: If one wants to move the ellipse center from C(x, y) to C'(x.,y.)
while keeping the start and end points of the elliptical arc at specific positions,
it is necessary to recalculate the major and minor radii, #’ and b’ respectively.

of a Vivaldi antenna includes an elliptical arc, which can provide an addi-
tional degree of freedom in the antenna design to improve its performance.
By keeping the start and end points of the arc at pre-determined positions,
one can obtain a set of center positions and corresponding major and minor
radii for optimization, as illustrated in Fig. 2.11.

The elliptic profile is parameterized as:

_ 2 _ 2
& bzxc) + azyC) =1 2.1)

where C(x,yc) is the ellipse center. Let us consider the known points
S(x1,y1) as the start point of the arc, and E(xy, ) as the end point.

(x1 = x0)%a” + (y1 — ye)2 0% = ab"” (2.2)

(x2 — xc)%.a? + (y1 — ye)2.b? = a"2.b"? (2.3)

By subtracting (2.2) from (2.3), we get

LA \/ (v2 = ye)? = (1 — ye)? 0

b (31 = x)? = (x2 = xc)?
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Figure 2.12: Reflection coefficients obtained by changing the ellipse center
along X and Y axes.

then

b = \/(x1 - x6)2~X2 + (yl —]/6)2
X (2.5)

o = /(1 — 22 X2+ (11— ye)?

The last two parameters can be easily calculated from the start and end

points of the elliptical arc, and the position of the new ellipse center.

This technique has been applied to the 3-D single Vivaldi antenna. The
simulation results confirm the importance of optimizing the elliptical curve in
the Vivaldi antenna, as seen in Fig. 2.12. The ellipse center has been shifted
for many positions along only X, only Y and X&Y axes. 0.4 cm center shift
is used along the X axis only. The same value is used along the Y axis only.
In the same way, giving small steps along X and Y together (0.2 cm, 0.17 cm)
slightly affects the reflection coefficient, where large shifts (0.25 cm, 0.25 cm)
contribute significantly to changing the reflection coefficient over the band of
interest. Lowering the low frequency radiation cut-off without increasing the
antenna size is one of the challenges for the design of Vivaldi antennas. From
simulation results, obtained for varying positions of the ellipse, promising
solutions are achieved.
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Figure 2.13: 3-D single Vivaldi prototype.

2.2.5 Fabrication of a 3-D single Vivaldi prototype

Notch-antenna feeds are usually comprised of a stripline-to-slotline or mi-
crostrip transitions [43]. This complex feeding adds significant losses, and
affects the sensitivity of the receiving arrays. One of the best solutions to over-
come this problem consists of considering the feed as one of the built-in 3-D
metal antenna component such as the 3-D Vivaldi circular array [48]. A 3-D
thick Vivaldi antenna has many advantages such that it can be made hollow,
so it is possible to include the low-noise amplifier, protected from the exter-
nal fields and close enough to the antenna feeding point. The 3-D compact
metal Vivaldi antenna has a light weight of 200 g. A direct coax feeding tech-
nique is used (Fig. 2.13). The antenna is designed and simulated using the
CST Microwave Studio commercial software for one more validation against
the Finite Integration Technique (FIT). Fig. 2.14 compares simulations versus
measurement in terms of the reflection coefficient, and it indicates a relatively
strong correspondence. The small differences between the simulations is due
to using two different mesh lengths. For MoM simulation, we discretized the
antenna using different mesh lengths; the region near the feeding point and
the elliptical taper profile needs a smooth meshing, while the mesh of the edge
part of the antenna can support a coarse meshing. The single prototype cov-
ers a bandwidth from 1.6 GHz to 4.6 GHz with respect to a -10 dB matching
criterion in terms of reflection coefficient.



44 Chapter 2. 3D Circular Antennas Array for Near-Field Imaging Applications

Reflection Coefficient

Ias —MOMS3D simulation
N ---CST simulation
3 Measurement

'
w

1 15 2 25 3 3.5 4 4.5
Frequency (GHz)

w

Figure 2.14: Comparison between reflection coefficients obtained from simu-
lations MoM3D, and CST and measurement.

Figure 2.15: Mesh of 3-D circular Vivaldi array.

2.3 Design and fabrication of 3-D circular Vivaldi

antennas array

Ten Vivaldi antennas are arranged in a circular array with length of 32.4 cm
and width of 30.7 cm and an inner diameter of 15.2 cm (Fig. 2.15). One reason
for choosing 10 elements is to obtain a sufficient space (diameter of 15.2 cm)
to image the object under test. Another one is to dispose of sufficient ports,
providing enough information through the scattering process. We consider
the case of excitation at one port in the circular array, while the remaining
antennas are passively terminated.
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Figure 2.16: Meshed single Vivaldi antenna with connecting basis functions
(highlighted in red).

2.3.1 Simulation of large circular Vivaldi array by the array
Scanning Method (ASM)

The array Scanning Method (ASM) [44] was applied in [45], for the accurate
solution of finite-by-infinite arrays excited at a single port. In the case of a
circular array of N elements excited at one port, while the remaining anten-
nas are passively terminated, the currents can be obtained by using the phase
mode excitations [46], with the help of the ASM [47] [48]. The current excited

at antenna m for antenna 0 active appears as:

1(m) = Yo IO (Yp)e Iy (2.6)
p=0

where [*°(¥)) is the current distribution when all the N elements are ex-
cited. ¥ is the phase shift between elements, and it is equal to ¥ = p %ﬂ (0>
p>N-1).

Overlapping basis functions (highlighted in red color) are used to ensure
the flow of current between successive elements (Fig. 2.16), and to get the
exact results (within limits implied by discretization).

We observe in Fig. 2.17 that the results obtained by applying the ASM-
MoM and brute force methods are practically identical. The ASM method
helps us to reduce the computation time without affecting the accuracy of the
input impedance. Computation times for 80 frequency points are given in
Table 2.1.
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Figure 2.17: Real and imaginary parts of the antenna input impedance.
Table 2.1: SIMULATION TIMES.
Brute force-MoM elapsed simulation time 16 hours

ASM-MoM elapsed simulation time 1 hour 36 min

2.3.2 Wheel-of-Time array prototype

The configuration of the proposed UWB microwave imaging system is illus-

trated in Fig. 2.18. Plexiglas and copper frames are added to the prototype’s

body to properly arrange the cables coming out from the array elements. The

effect of adding the frames on the array had been tested, and no influence has

been found on reflection coefficient.

The configuration of the proposed imaging system has a complex geom-

etry, where in the case of activating two elements (transmitter and receiver),

the receiver will not just catch the signal sent from the transmitter, but also

the reflected signals coming from other elements. Despite this complexity,
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Figure 2.18: Wheel-of-Time prototype.

Fig. 2.19 shows a very strong agreement between the simulations obtained by
ASM method applied to MoM and the measurement. The measurement has
been made at the WELCOME facility of UCL using a 4-ports Vector Network
Analyzer (VNA).

The measurement results validate the ASM method as an efficient method

to simulate large circular antennas array.

2.4 Conclusion

In this chapter, the design, simulation and fabrication of a 3-D circular array
of Vivaldi antennas were presented for UWB near-field imaging. First, the 3-D
single Vivaldi antenna was designed and fabricated. Very good agreement has
been obtained at impedance level between simulations obtained with MoM,
CST Microwave software and measurement, with a bandwidth between 1.6
GHz and 4.6 GHz. An additional degree of freedom in the Vivaldi antenna
design is added by modifying the major and minor radii of the ellipse curve,
as well as the position of the center with respect to the feeding point. Sec-
ond, a 3-D UWB circular imaging prototype consisting of 10 Vivaldi elements
has been manufactured. We named the prototype as “Wheel-of-Time”. A fast
calculation method has been proposed based on the ASM method applied
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to the MoM to simulate large circular arrays. Excellent agreement has been
obtained between the ASM-MoM simulation and measurement in terms of re-
flection and transmission coefficients. This good correspondence validates the
ASM-MoM as the best solution to analyze large circular antennas array. A cal-
ibration algorithm will be very useful to remove the very small discrepancies
between simulation and measurement, probably due to imperfect modeling
of the feed points. It is expected that the corresponding corrections will also

hold in the presence of a target.
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Figure 2.19: The reflection and transmission coefficients of WoT.
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Microwave Imaging
with the
Wheel-of-Time

In this chapter, we will use the 3-D UWB imaging prototype, which we named
“"Wheel-of-Time” (WoT), to image and localize targets in the area of radiation
exposure. First, we study by simulations the near-fields in E and H directions
in the area of radiation exposure. Second, time-domain responses of a target
under test (TUT) are processed. An initial near-field image of the target under
test in the area of radiation exposure is depicted, and the target is localized.
An initial near-field image of a Dirac source in the area of radiation exposure
is depicted, and the target is localized. Finally, the UWB circular array with
two different metallic cylinders had been simulated using the ASM applied to
the Method of Moments. The resolution between metallic cylinders is investi-
gated experimentally and numerically. Preliminary results are also provided
regarding reconstruction of a dielectric cylinder positioned in the area of radi-

ation exposure.

3.1 Introduction

Ultra wide band radars have a great potential for use in near-field imaging ap-
plications such as medical imaging [66], ground penetrating radars and indus-
trial quality control. Such applications require the use of a large bandwidth to
enable high resolution imaging of the target, in order to properly identify the
object shape and composition. The high frequencies of the UWB pulses pro-
vide the high resolution, whereas the low frequencies enable better material
penetration, especially for biological materials.

One approach to image a target is radar-based. A short-time pulse is sent
toward the target under test using one or more antennas. In the presence of

51
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a target, reflections can be measured and inform us about the composition of
the object.

It is often desirable to have multiple pairs of elements, such that is possible
to gather more information about the object under test. Ultra-wideband time
domain systems have been used for microwave imaging [67]. The work in [67]
focuses on medical applications of microwave imaging, and the study has con-
centrated on the effects of random errors. The model is able to detect two
tumors with radius of 5 mm at 10 cm wavelength. Craddock et al. [68] uses
an array of 31 hemispherical elements for breast cancer detection. The recon-
structed images shows clearly a 7-mm-diameter spherical phantom tumor at
10 cm wavelength. Short-range applications, such as free-space surveillance,
airport security and concealed weapon detection have used 3-D imaging sys-
tems which provides high resolution images. In [69], a new class of MIMO
array configurations with lower shadowing is proposed. The proposed 2-D
MIMO array achieves about 2-5 dB side-lobe level higher for the reference
arrays (by 150% fractional bandwidth 2 degree angular resolution and over-
all -22 dB grating/side-lobe level with only 25 antenna elements). L. Monte
et al. used RF tomography technique for below-ground imaging [70]. The
reconstructed image using homogeneous Green’s function showed the two
hollow cylinders (radius 1 m) emulating two tunnels, located at a depth z =
-5m, having ep =9 and op =5 X 1074 S/m. G. Gennarelli et al. used RF/mi-
crowave imaging to localize sparse targets in urban areas [71]. The imaging
technique, in the framework of 2-D linear inverse scattering, tried to localize
electrically small PEC scatterers, arbitrarily located in the investigation region.
The achievable imaging capabilities are validated against full-wave synthetic
data provided by the truncated singular value decomposition (TSVD) inver-
sion scheme, providing high-resolution images. The main obstacle of using
stepped-frequency continuous-wave (SFCW) radars for GPR imaging is the
data acquisition speed. A. Suksmono et al. [72] proposed a novel SFCW-GPR
system based on compressive sampling /compressed sensing. The main ad-
vantage of this system is the reduction of the required number of samples to
achieve exact reconstruction. 66 random samples are selected, giving a com-
pression ratio of around eight times. It is shown that only 4.3 s are required
using the proposed system, compared to 36.15 s are needed to obtain 512 sam-
ples in the conventional sampling scheme.

This chapter is organized as follows. In Section 3.2, we start by testing the
WOoT in terms of near-field radiation over the area of radiation exposure. Also,

we show the mutual coupling phenomenon between the array elements. In
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Section 3.3, we process frequency domain measurement data obtained from
the WoT into time domain responses by performing an Inverse Fourier Trans-
form. An imaging algorithm is implemented to give an initial localization of
targets. Section 3.4 deals with Dirac source, where an algorithm is developed
to localize the targets. Section 3.5 shows measurement results for two metallic
cylinders, where the WoT has been used to distinguish between them. A pre-
liminary image of a dielectric cylinder is shown in Section 3.6. Conclusions
are drawn is Section 3.7.

3.2 Near-field radiation of the Wheel-of-Time

A microwave holography method [61] is applied to study the signal interfer-
ence between the fields radiated by an antenna under test (AUT) and those
scattered by a near-field target. Measurement of the amplitude and the phase
of the near field radiated by the AUT is a common way to evaluate the po-
tential sensitivity of the system. A brief introduction to the mutual coupling
phenomenon will be presented. Then, the current distribution over all the an-
tenna elements with a study of the near-field in the middle of WoT will be
depicted.

3.2.1 Mutual coupling study

Mutual coupling is a common phenomenon in various antenna arrays, as it
impacts all types of antenna array parameters, such as the input impedance
and the radiation pattern. In other words, the input impedance of a single
element in an array differs from that of the same element when it is isolated,
due to the mutual coupling effect [73]. The near and far fields radiated by the
antenna also differ in isolated and coupled configurations. Different methods
have been suggested to decouple the array signals because the mutual cou-
pling is not taken into account due to the assumption of simplified patterns.
Based on the types of antenna arrays being considered and the applications
in which the antenna arrays were used, different solutions are proposed [74].
Increasing the distance between the resonators [75], adding slits to the ground
plane [76] and changing both resonator position and distance [77] are pro-
posed methods to reduce the mutual coupling between elements. In small
arrays, the main effect of mutual coupling appears at the antenna patterns
caused by the different surrounding for each element in the array. The mutual

coupling study in this section is investigated by showing the current distribu-
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tions, antenna impedance and radiation patterns, with a comparison between
the isolated element and the same element in the array. A comparison is made
between the current distributions obtained with the isolated Vivaldi antenna
(Fig. 3.1.a) and those appearing in the array (Fig. 3.1.b).

a) b)

1.45e-006 0.000217 00324 (Alm)
I ]

Figure 3.1: Current distribution comparison for the case of a) isolated element
b) the element in the array at 5 GHz.

Fig. 3.1.b shows the appearance of higher current distribution regions
compared with that of Fig. 3.1.a on the antenna body and near the circular
cavity, which reflects an exchange of the current between the original radiator
and its neighbors. Fig. 3.1 shows that the highest radiation of the antennas
comes from a small section along the curve of the flare. Also, edge currents
disappear in the connected structure. To ensure a smooth flow of the current
from one element to another, overlapping basis functions (Fig. 2.15 in the pre-
vious chapter) are added to the single element. Fig. 3.2 shows the slightly
positive impact of the mutual coupling on the reflection coefficient, where the
cut-off frequency does not change and the higher frequency limit is shifted up-
ward. In terms of radiation patterns, the antenna embedded element patterns
will be just rotated copies of the embedded pattern of the reference antenna.
However, the radiation patterns on both sides of a given antenna is no longer
symmetric when the mutual coupling is taken into account. The observations
from Fig. 3.3 indicate the slight asymmetries in the E and H-planes at 2 GHz.
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3.2.2 UWB Near-field radiation study

Fig. 3.4 shows that the current flows from the basic source to the other ele-
ments, where the source’s neighbors are the most affected. The third and sev-
enth elements (we count the source as the antenna 0) are less affected, proba-
bly through a combination of distance and polarization mismatch.
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Figure 3.4: Current distribution on the 3-D circular antennas array at 5 GHz.

To know more about the near-field sensitivity, a 2D rectangular screen of
testing functions is created in the UWB near-field exposure region. A func-
tion has been developed to generate the testing functions and to draw the
geometrical position of the 2D screen and the antennas array (Fig. 3.5). The
dimensions of the 2D screen are 6.8 x 6.2 cm, and the distance between the
testing functions are 0.2 cm.

The radiated field can be obtained from the following equation, while tak-
ing into account the mutual coupling between the antennas in the array:

E=

N

AR " ¥ I (31)

This tested field describes to the near-field sensitivity, where the field is
multiplied by a rooftop testing functions and integrated. Zg is the MoM
impedance matrix obtained between the WoT and the 2D screen. [ is the cur-

rent distribution on the antenna when it is excited in the array. The testing
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v

Figure 3.5: The geometrical position of the antennas array and the 2D screen.

functions are oriented according to the polarization of the antennas in the E-
direction (Fig. 3.6.a), and then in the H-direction (Fig. 3.6.b).

Fig. 3.6 depicts the near-field radiation for a circular UWB array made of
10 elements, excited at one element in E and H directions. The "E” direction
is perpendicular to the antenna axis. X and Y indices (a grid of 18x22 lines)
refer to the 2D screen of testing function points. Fig. 3.6.a shows a larger field
of view along the X axis than along the Y axis. The lower near-field radiation
is located in the two furthest corners of the 2D screen from the source; this is
consistent with a lower excitation of antennas 3 and 7 (Fig. 3.4). A smooth
near field behavior in the middle of the antenna array is observed at 2 GHz.
In Fig. 3.6.b, a line can be seen exactly in the middle of the X axis, where the
cross-pol level is low. This line corresponds to the plane of symmetry of the
structure that crosses the feed points. Also, despite the mutual coupling, the
near-field radiation of a given antenna remains perfectly symmetrical, given

the symmetry of the global structure.
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Figure 3.6: Amplitude (V/m) of the equivalent field distributions of the WoT
in (a) E-direction and (b) H-direction, for one antenna excited.

3.3 Imaging and localizing targets from time domain
responses

The configuration of the WoT with a reference target is illustrated in Fig. 3.7. A
reference target (hollow metallic tube with a diameter of 2.25 cm and a thick-
ness 0.3 cm) is located at the position of [-3.5 cm, -3 cm] (Fig. 3.7).

An imaging algorithm, inspired from positioning procedures described
in [78] is implemented for imaging a target. The method uses the time-difference
of arrival at each receiver with respect to a reference target [79]. The imaging

algorithm relies on correlations C,; between signals received at a given an-
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Figure 3.7: Illustration of the experimental setup of the WoT prototype with
the reference target.

tenna and those predicted from a reference target with the same transmitting
antenna. It is worth noting that the following measurements have been taken
without fine array calibration of the WoT prototype. Time domain responses
are shown in Fig. 3.8 for two cases: free space response and the response in
presence of the reference target, when antenna 1 is transmitting and antenna
2 is receiving (next to each other).

The obtained impulse duration is 0.4 nanosecond. This duration indicates
that the antennas present very little dispersion and are favorable to accurate
localization and positioning. The same metallic tube is used as a target under
test at a different position. The size of the observation field is set to 12 by 12
cm, as shown in Fig. 3.9. It is to be noted that multiple reflections between the
target and the array are not accounted for by this algorithm. Fig. 3.10.b shows
how difficult it is to distinguish the TUT response among signals scattered
from other antennas, where more than one time domain response can be seen.
For every pixel on the image map, the following time difference is calculated
a priori and is tabulated:

At(x;y) = M (3.2)

where At(x;y) is the time difference for the round trip TRR (transmitter-
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Figure 3.8: Impulse responses obtained from measurements in the anechoic
chamber and VNA.
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Figure 3.9: The observation field and the real target position setup.

reference-receiver) and TTR (transmitter-target-receiver) for the pixel at (x; y)
as indicated in the image map, and c is the speed of light. The initial image
is obtained after production of the correlation function at At for every pixel
corresponding to all possible positions of the target in the area of radiation

exposure.
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Figure 3.10: The difference in time between time domain responses: a) free
space and the RT b) free-space and TUT.

The correlation function C, ; considered here is the correlation between the
response V() at receiving antenna i and the reference response Vir(t+ar) at
the same receiving antenna, where At corresponds to the time difference in the
arrival for the round trip TRR and TTR. The image map demonstrates a good
recognition of the target dimensions and position, as shown in Fig. 3.11.

3.4 Near-field image of a Dirac source

In a first instance, we will consider a set of points in the field of view as Dirac
pulse sources. The received voltages for all Dirac sources for the 10 antennas
are calculated from near fields by reciprocity. A Dirac source is placed at a
known position near the middle of the WoT, as shown in Figure 3.12.

Imaging algorithm

The imaging algorithm inspired from positioning procedures [78] relies on
correlations between the field calculated from the target and the fields from
Dirac source pulses located all over the domain after adding a white noise.
The target will be located where the correlation values are maximum.

Figure 3.13 shows the time-domain response of the target. The received

pulse is computed from the response after an inverse Fourier transform. The
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Figure 3.11: Image map obtained from measured responses.
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Figure 3.12: The geometrical position of the 2D screen and the target

obtained impulse duration is 0.4 nanosecond. This short duration is favorable
to accurate localization and imaging. The function c¢(1), expressed as

N
c(n)=T®S=Y T(m)S(m—n) (3.3)
m=0
is the correlation between the time-domain response of the target T () and

a given calculated response S(m) from a source in the field of view, to which
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Figure 3.13: Impulse response obtained from inverse Fourier transform of the
calculated near field. Transmit at antenna 0 and receive at antenna 1.

a random white noise has been added.

Figure 3.14 shows the initial map obtained after production of every pos-
sible position of the source in the area of radiation exposure. The initial map
shows a good reconstruction of the target position, where the real target posi-
tion is shown as a dark rectangle.

3.5 Distinguishing between metal cylinders

Two metallic cylinders with different diameters (5 and 10 cm) were used in
the trials. Three ports (antennas 1, 2, 3) have been used in the measurements.
Figure 3.15 shows the measurement setup.

First, each cylinder imaged with the WoT has been simulated using the
Array Scanning Method (ASM) [48]. Figure 3.16 shows the reflection coeffi-
cients S11, S12 and S13 in the scenario where 3 ports are used, and presents
the comparison between simulation and measurement. It is worth noting that
the measurements have been taken without fine array calibration. It can be
seen that the difference between each pair of curves (simulation versus mea-
surement) for the metallic cylinder of 5 cm and the metallic cylinder of 10 cm is
clearly noticeable. This difference enables us to distinguish between two dif-
ferent targets in the area of radiation exposure. To get an idea of the resolution
versus diameter, another metallic cylinder, with 8 cm diameter, is considered

in the simulation. Figure 3.17 shows the evolution of scattering parameters
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Figure 3.14: Map obtained from simulations when antenna 0 is excited for the
frequency band 0.5-5 GHz.

versus cylinder diameter. The resolution in terms of cylinder diameter detec-
tion has been defined through a standard deviation criterion. The standard
deviation has been calculated as:

1 N
o N—l{;(xl x)2.

where N is the number of samples, X; = Syeasurement / Ssimulation and X is the av-
erage. The calculated values for 0y,555 = Opeasurement—simulation regarding S11,
512 and S13 for the cylinder of 5 cm diameter are 0.38, 0.2 and 0.31, respec-
tively. The calculated values for 0s5s8 = Tsimuiationsem—simulationsem regarding
511, S12 and S13 are 0.91, 0.67 and 0.75, respectively. The standard deviation
shows that the measurement results are much closer to simulation results for
the case of cylinder 5 cm, than they are to simulation of cylinder 8 cm diame-
ter. Since the diameter difference between cylinders is 3 cm, and the standard

deviation 0558 & 3 * 03,565, 1 cm resolution in terms of diameter is estimated.

3.6 Imaging dielectric targets

This work has been done in collaboration with Dr. Augustin Cosse and Prof.
Benoit Macq who developed the imaging algorithm. To move one step further
towards future applications, we are interested in studying the signals obtained
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Figure 3.15: The measurement setup

when placing a dielectric material of relative permittivity e, = 4 at the center
of the WoT. The configuration as well as an example of the obtained reflection
coefficients for pairs of antennas are given in Fig. 3.18 and 3.19 (Top).

The dielectric cylinder is placed in the middle of the Wheel of Time, sur-
rounded by vacuum. The sources of radiation are represented by small rectan-
gles on top of each metallic plate’s empty space (see green crosses in Fig. 3.18).
Those rectangles are also used to set the positions of the simplified point
sources used in the reconstruction.

By roughly following the guidelines of the reconstruction methods intro-
duced in [80] (frequency domain) and [81] (time domain), we can already ob-
tain the signals

Te(x, y) = ZZF(4’nrfm)eXP(2j’Ym||x —xul])

Teo(x, y) = ZZFO(¢nrfm)eXP(2j7m||x —xn)

where

L@, fm) = 2010g(|Z(¢, )[)/ mfaXI2010g(|Z(¢rf)|)|

To(¢n, fm) = 2010g(|20(¢,f)|)/mj;61x 2010g(|Zo(¢, £)])]
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are respectively the normalized reflection coefficients obtained from the inter-
action impedances Z(¢u, f) = Zg,4,.,(f) between two adjacent antennas,
for 9 antennas (angular positions ¢, ..., ¢y) with and without the dielec-
tric cylinder. We only use 9 angles to allow for the possibility to use adja-
cent antennas, the first one being used as transmitter, the second as receiver.
¥ = Y(fm) = 27 fm+/€r/c are the assumed propagation constants inside the
Wheel of Time. Assuming no object at all we set the relative permittivity to
¢; = 1. This rough approximation will most likely constitute a source of er-
ror in the reconstructed cylinder (see Fig. 3.19). Finally, x is used to denote
the pair (x,y), where x, is the spatial position of the antenna associated with
angular position ¢,. We consider 30 frequencies ranging from 1.8 to 2.1 GHz
around the resonant frequency (2 GHz). According to [80], the two signals
T; and T, can be considered as a representation of a probability distribution
for the position of the target. Hence, by subtracting T, from T, we should
be able to get a first estimation of the target position. The result obtained is
given in Fig. 3.19. The image center corresponds to the dielectric center. We
clearly recover a higher intensity in the middle of the Wheel of Time. As ex-
plained in Fig. 3.18, the point sources used in the reconstruction are denoted
by green crosses and have been placed mid-angle between the transmitter and
the receiver. The dielectric boundary is represented as a black line.

3.7 Conclusion

In this chapter, we used the WoT prototype, which has been designed and
fabricated in previous chapters, to obtain preliminary images of metallic and
dielectric targets. Various reconstruction algorithms are used to provide those
images and localize the targets. The mutual coupling phenomenon between
the WoT elements is briefly discussed. The near-field homogeneity with a 12
dB variation has been tested over the area of exposure, which is a necessary
condition for near-field imaging based on delay-and-sum or interferometric
methods. Time-domain responses have been processed in order to provide
an initial image and locate small targets. The image map indicates that the
algorithm successfully finds the target under test. A precise calibration pro-
cedure and a more advanced imaging algorithm will be developed to allow
the study of more complex targets. Dirac pulse sources have been positioned
in the middle of the field of view. In order to localize small sources, corre-

lation products have been processed. An initial near-field image of a Dirac
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source has been obtained with a basic target recognition. Good comparisons
are obtained between Method-of-Moments simulations and measurements in
the presence of metallic targets. The detection of various metallic cylinders
is discussed experimentally and numerically. In order to get closer to possi-
ble future applications, preliminary imaging results have been obtained for
a simple dielectric cylinder of relative permittivity e, = 4. Future work will
consist of developing more advanced algorithms that include a deeper analy-
sis of scattering by the antennas, as well as an extension to more complicated
geometries and central positions of the target.
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Sources of
radiation

Figure 3.18: Setup geometry for imaging of the dielectric.

—Measurement without the dielectric cylinder|
- ~“Measurement with the dielectric cylinder

Figure 3.19: (Top), S12 Reflection coefficient obtained for 401 frequencies
ranging from 0.5 to 5 GHz. Note that the discrepancy between the mea-
surements with and without dielectric is the highest around the resonant
frequency (2GHz). (Bottom), Result obtained by substracting the two inten-
sity signals T, and T, induced by the reflection coefficients measured with or
without the cylindrical dielectric material.



UWB Vivaldi

Antenna for Water

Leak Detection

This chapter deals with the design of Vivaldi antennas with modified shape
for water leak detection applications. For this type of applications, the an-
tenna needs to cover the UWB bandwidth, where the low frequencies pene-
trate deeper into the ground and high frequencies provide high resolution for
image reconstruction. Low frequency antenna design is challenging due to
the expected large dimensions of the radiator. A 3-D metallic Vivaldi antenna
is proposed to cover the bandwidth between 200 and 2500 MHz. We took as
an objective to minimize the antenna weight by introducing holes at specific
positions related to the current distributions. Near-fields in E and H planes
in the front of the antenna are depicted and display smooth spreading over a
sufficiently narrow area of radiation exposure. The impact of the ground on
the antenna is briefly analyzed, while in Chapter 5 a fast numerical method is
developed to include the effect of the ground. The complete design of a linear
array of 4 elements is presented, and the mutual coupling between elements
is illustrated. A single 3-D Vivaldi antenna has been manufactured and mea-
sured at the WELCOME facility of UCL, with very good agreement between

measurement and simulation.

4.1 Introduction

Leaks happen to be a major source of wasted water, with important financial
impact. The European Environment Agency (EEA) estimates that for the do-
mestic sector only 80% of water consumption is actually used; whereas the
other 20% is returned to the aquatic environment through leaks in the dis-
tribution network and through wastewater [49]. Currently, one of the major
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challenges is detection of fluid loss due to leakage from underground distri-
bution pipes [50]. Such detection can be carried out with the help of ground
penetrating radar. This was the subject of a project led by Prof. Sebastien Lam-
bot from the UCL’s Earth and Life Institute, Georadar Research Center (GPR
Louvain).

The large bandwidth of GPR antennas is very important for this type of ap-
plications. The trade-off between investigating at greater depth by lower fre-
quency waves and achieving good spatial resolution using the high-frequency
part of spectrum leads to an optimal frequency band, from a few hundreds of
MHz to a few GHz [51]. Hence, the choice of the appropriate antenna de-
pends on the precise project goals. For water leak detection applications, two
double-ridged horn [52] and bowtie [53] antennas are mostly used. Antipodal
Vivaldi antennas are reported for water pipe sensor and telemetry [54].

In general, an antenna is best defined in free space. The presence of an
object like ground near the antenna will modify its performance. The antenna
impedance is considerably affected by the lossy earth, especially at lower and
medium frequencies [?]. The Vivaldi antenna [8][55], which is a special type
of Tapered-Slot Antenna (TSA), is widely used for wideband applications due
to its ultra-wide bandwidth, simple structure and easy fabrication. The de-
sign goal of this chapter it to design a Vivaldi antenna devoted to water leak
detection. The major challenge is the low-frequency limit, where it is required
to provide a compact and minimum size for the Vivaldi antenna with a low
frequency cut-off at 200 MHz. The main objective of the project is to detect
the underground water leak, so the UWB antenna is exposed to face nearby
medium. The holographic technique, invented in 1947 by Gabor [60] while
working to improve the resolution of an electron microscope, has other ap-
plications at microwave frequencies. The microwave holography [61], in the
context of antennas, is an effective method of recording and reproduction the
wave reflected from a nearby object [62].

This chapter is organized as follows. The design of an isolated 3-D Vivaldi
antenna is provided in Section 4.2, as well as simulation results. Section 4.3
presents the study of UWB near-field radiation. Section 4.5 presents the UWB
Vivaldi prototype. Section 4.4 discusses the effect of the ground on the reflec-
tion coefficient of the antenna. Section 4.6 presents the full design of a 3-D
linear Vivaldi antennas array. The array data can provide more information
about the medium, where in some cases the information collected from a sin-
gle element is insufficient to reconstruct multiple layers [56]. Conclusions are
drawn in Section 4.7.
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Figure 4.1: Layout of the 3-D Vivaldi antenna.

4.2 Design of an isolated 3-D Vivaldi antenna

An electromagnetic simulation software (MOM3D) developed at UCL and
based on the Method of Moments is used to simulate the different structures.
This antenna is designed and meshed using the freely available GMSH soft-
ware [41]. Following the optimization carried out in Section 2.2.3, a proposed
design of 3-D Vivaldi antenna is presented in Fig. 4.1. The antenna dimensions
are 60x41x1.5 cm, and the type of taper profile is elliptical [57]. Triangular
and rectangular holes are made in the antenna body to make it lighter. These
holes are chosen in specific positions, where the current distribution flows in
low density. Fig. 4.2 presents the current distribution over the Vivaldi an-
tenna, where the low current density is represented in blue color. The taper
profile is the main responsible of antenna radiation, that the reason no holes
are added nearby the elliptical taper profile and the circular cavity. The effect
of adding these holes is presented in Fig. 4.3.

It is recommended to affix a ground plane beneath the antenna to hold the
antenna properly, and to improve the isolation between the feeding port and
the antenna body. The thickness of the antenna is chosen to 5 mm for the op-
timized behavior [58]. The effect of adding the ground plane mainly appears
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Figure 4.3: The effect of adding the triangular holes.

at lower frequencies, as shown in Fig. 4.4. To make the ground plane lighter,
square holes are created. This prototype was fabricated from Aluminum. The
antenna model has been also analyzed using the CST Microwave Studio soft-

ware [59]. Fig. 4.5 compares simulation results for the magnitude of the reflec-
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Figure 4.4: Effect of adding the ground plane on the reflection coefficient.

tion coefficient between MOMS3D and CST Microwave Studio, with reference
to 50 Q). Fig. 4.5 shows a very good agreement between those obtained from
MoM3D and CST simulations. The small differences between the simulations
is due to using two different mesh lengths. In MoM3D a coarse mesh has been
used to be able to simulate the structure in brute-force solution, while in CST
simulation it has been used an average mesh.

For the presented antenna, the simulation results exhibit a bandwidth from
0.25 GHz to 2 GHz with respect to a -10 dB criterion, and from 0.2 GHz with
respect to a -5 dB criterion for the antenna reflection coefficient. It is worth
checking the directivity by plotting the radiation patterns in the E-plane. Fig.
4.6 shows that the directivity increases with frequency.

4.3 UWB near-field radiation study

To know more about the near-field sensitivity, a 2D rectangular screen of test-
ing functions is created in the front of the antenna, as shown in Fig. 4.7. The
dimension of the 2D screen is 84 cm by 42 cm.

Fig. 4.8 shows an example of near-field radiation in the E and H-planes at
200 MHz. X and Y indices (a grid of 54 x41 lines) refer to the 2D screen testing
function points. A relatively homogeneous response (< 25 dB variation) has
been obtained over the whole field of view, which is a satisfactory condition
for near-field imaging. A smooth near-field shape in the area of radiation
exposure is depicted at 200 MHz.
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Figure 4.5: Comparison between the reflection coefficient obtained from sim-
ulations with MoM3D and CST.

4.4 The contribution of the ground on the antenna

As an approximation, we assume a large cube of ground as a semi-infinite
ground, as shown in the configuration simulated with the CST Microwave
Studio software (Fig. 4.9). Dry and wet sandy soils are chosen as materials
with relative permittivities e, = 2.53, tané = 0.0036 and ¢, = 13, tand = 0.29
respectively [59]. The distance between the antenna and ground is set to 5 cm.

The effect of ground appears mainly at the low frequencies as shown in
Fig. 4.10. At low frequencies (long wavelength), the presence of very nearby
ground as a lossy medium increases the losses through a stong antenna-ground
coupling. An increase in dB is observed around 200 MHz, whereas a decrease
in dB is noticed around 350 MHz for the antenna’s reflection coefficient. One
can observe more ripples and higher loss in the case of wet sandy soil at lower
frequencies, which give us a warning to avoid doing the measurement on a
rainy day. This oscillatory behavior of reflection coefficient versus frequency
makes so difficult to conclude about possible improvement or degradation in
presence of ground.

4.5 3-D Vivaldi antenna prototype

The 3-D Vivaldi antenna was manufactured and measured at WELCOME fa-
cility at UCL university. The antenna is made from Aluminum, as shown in
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Figure 4.7: The geometric position of the antenna and the 2D screen.

Fig. 4.11. The antenna weight is about 5 kg. A good agreement between mea-
surement and simulations is achieved in terms of the reflection coefficient,
where a bandwidth from 250 MHz to 2 GHz is obtained (Fig. 4.12). The
CST software simulation appears to be slightly better than the MoM simu-
lation due to using a coarse mesh in MoM simulation to be able to simulate
the structure in brute-force solution.

Lambot et al. [64] proposed a radar model valid in far-field conditions. The

model takes antenna effects as well as the antenna-medium coupling into ac-
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Figure 4.11: The 3-D Vivaldi antenna prototype.

count through an intrinsic representation based on characteristic global reflec-
tion and transmission coefficients of the antenna. More recently, the model
was generalized to near-field conditions to quantify the medium electrical
properties using full-wave inverse modeling [65]. Preliminary tests were con-
ducted in the Hydrogeophysics Laboratory to test the prototype. Frequency-
domain measurements were performed with the Vivaldi antenna placed at
77.5,87,96.7 and 106.8 cm from a large copper sheet. The antenna effects re-
moval which is based on the far-field model developed by Lambot et al. is

applied. The results after the filtering of the antenna effects show clear reflec-
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Figure 4.12: The comparison between measurement and simulation for the
3-D Vivaldi antenna.

tions coming from the PEC, whatever is the distance between the antenna and
the copper sheet (PEC). The prototype seems to be efficient from 0.25 GHz to
2.5 GHz to apply for water leak detection. The frequencies higher than 2.5
GHz seem to have an issue in image reconstruction, where high frequencies
do not couple perfectly with the ground as they are emitted from the antenna

at a larger distance (closer from the feed point).

4.6 3-D linear Vivaldi antennas array

In most applications, the single element suffers from a lack of collected data
for multiple layers cases. The design of antenna array systems enhances the
simultaneously recording of a large amount of data in a single measurement.
Numerical experiments showed that four antennas were sufficient to obtain
enough information, given the larger propogation distance through the ground,
so four Vivaldi antennas are arranged in a linear array as shown in Fig. 4.13.
CST Microwave Studio [59] simulation results point out the mutual coupling
effect around the half wavelength resonance frequency (250 MHz). Although
the four antenna elements are similar, the reflection coefficients S11, S44 dif-
fer from those 52, S33 due to the fact that antennas 2 and 3 are exposed to
radiation from both sides. For example, antenna 2 is exposed to radiation
mainly from antennas 1 and 3, and 4 to a smaller extent, whereas antenna 1

is exposed to scattering from just antenna 2. It is clear that mutual coupling
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Figure 4.13: 3-D linear Vivaldi antenna array layout.

strongly affects the radiation properties of the array through a variation in the
input impedance (see Fig. 4.14).

4.7 Conclusion

We presented the design and simulation of a UWB Vivaldi antenna for wa-
ter leak detection. The antenna dimensions are 60x41x1.5 cm. The antenna
achieves satisfactory radiation performance over the bandwidth from 0.25
GHz to 3.5 GHz with respect to a -10 dB criterion. A relatively homogeneous
(< 25 dB variation) response has been obtained over the whole field of view.
The simulation results obtained with the commercial software CST show that
the effect of ground on the reflection coefficient of the ground-antenna sys-
tem appears mainly at low frequencies. A remarkable effect is noticed on the
antenna impedance at low frequencies through rapid oscillations. A UWB
Vivaldi antenna prototype is fabricated and measured in the UCL facilities.
The comparison between measurement and simulations is very satisfactory
in terms of reflection coefficient. A more efficient way to account for the ef-
fects of the ground will be presented in Chapter 6. The results obtained from
testing the Vivaldi prototype by Prof. Lambot’s team do not encourage using
the Vivaldi antennas for water leak detection where high resolution is needed,
due to mismatching between the antenna and the ground at high frequency
waves. It is recommended either to lower the antenna profile or using bowtie
antennas to better match the high frequencies with the ground. The fabricated
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Figure 4.14: Reflection and transmission coefficients of antenna array elements.

prototype could be used to analyze the quality of road pavement.
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5.1 Introduction

Ground penetrating radar (GPR) is currently the subject of intensive research
for various applications such as investigation of soil, e.g. for agriculture [82]-
[83]-[84], road pavement verification [85][86], water leak detection [87][88]
and ground dielectric permittivity estimation [89]-[91]. For such applications,
the antenna is very close to an object, such as the lossy ground, which will
strongly modify the antenna input impedance [42] and radiated near-fields.
Such applications require the antenna(s) to be intensively simulated for a wide
range of ground types (permittivity, conductivity, permeability, multilayered
medium, etc.). Such simulations may help identifying the best antenna type
for given average ground properties. When the layered medium corresponds
to an acceptable approximation below the antenna footprint, such simulations
may also assist the estimation of the layers properties. Indeed, the active
antenna will be expected to collect data from a large number of prospective

ground types with various parameters. Structures composed of a radiator
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and a layered medium can be analyzed via full-wave frequency-domain in-
tegral equation techniques discretized and solved using the Method of Mo-
ments (MoM) [16]. Pantoja et al. [20] extended the MoM for the transient
analysis of thin-wire antennas located over a lossy half-space, directly in the
time domain. When the antennas was not too close to a half-space medium,
good results were achieved. The Surface Integral Equation (SIE) approach has
been used for the analysis of antennas [93]-[94], where the Dyadic Green’s
function for Layered Media (DGLM) is employed to take into account the ef-
fect of the dielectric material [95]-[98]. In [99], the authors used a method
based on the hybrid Volume-Surface Integral Equation (VSIE). The modeling
of antennas and medium together has been investigated by different authors.
Cui and Chew [100], developed an accurate model for wire antennas, above
or inside the ground using Galerkin testing. A 3-D model based on the finite-
difference time-domain (FDTD) method has been developed by Giannopoulos
(GPRMax [13]) to simulate GPR antennas in the presence of dielectric mate-
rial. Lambot et al. [64] developed a far-field antenna model to characterize
planar layered media. The model accounts for the antenna effects through
global transmission/reflection coefficients. The 3-D Green’s function is used
to simulate propagation over the layered medium. Lambot and André [65]
generalized the far-field model so that it also applies to near-field conditions,
and the model was successfully validated in laboratory conditions.

A new method, named Fast Ground Coupling Matrix (FGCM) is proposed
here to account for the interaction between antennas and a ground composed
of arbitrary layers. In this work, 3-D metallic antennas are chosen as examples.
The FGCM method relies on the MoM solution of surface integral equations
to solve the electromagnetic problem that involves metallic antennas radiating
above a planar, possibly layered, ground. The proposed method starts by sep-
arating the MoM matrix into two terms: a free-space matrix Z/ and a matrix
Z38 that accounts for the presence of the ground. Such separation can be found
in [100] in the case of flat substrates, and in [101] for cylindrical substrates.
The free-space matrix is calculated using the brute-force MoM approach; it
can be efficiently interpolated versus frequency using the FMIR-MoM [102].
The ground reflection matrix Z$ is calculated as a product of radiation pat-
terns of the basis/testing functions with the ground’s reflection coefficient,
integrated following a specific path along the complex spectral coordinates
(kx,ky). Here, the steepest-descent path (SDP) [103] is considered. The radia-
tion patterns of the basis/testing functions depend on the (ky, k;) coordinates.

A grid with a minimal number of points is achieved by explicitly compen-
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sating aliasing and truncation errors, as done in [104] in the 2D case. The
independence of the ground physical and electromagnetic parameters when
generating the radiation patterns allows the efficient calculation of the MoM
impedance matrix that describes the coupling between antenna and ground.
The operations needed to update the MoM impedance matrix after changing
the ground parameters consists of uploading the off-line free-space matrix Zf
and off-line basis/testing functions radiation patterns, and performing the ef-
ficient calculation of the reflection coefficient versus (kx,ky). The latter two
operations allow the fast calculation of the ground coupling impedance ma-
trix Z3. Following [104], the number of points in the (ky, k,) plane is strongly
reduced based on a systematic compensation between aliasing and truncation
errors. The significant advantage of this technique is that it only needs once
the calculation of Z/ and of the radiation patterns of the basis/testing func-
tions once, and then a very efficient calculation of the MoM impedance matrix
is achieved for given ground parameters. The FGCM method is able to simu-
late the antenna response for any soil parameters (permittivity, conductivity,
permeability, etc.), including multi-layered media. The MoM impedance ma-
trix is also efficiently updated when changing the vertical distance between
the antenna and the ground by multiplying the reflection coefficient with a
factor. A limitation of this method is that it requires the antenna to be entirely
above the ground. Also, the FGCM method does not speed up the matrix
solution step, which could be done using the Macro Basis Functions (MBF)
approach [105] [106]. Preliminary simulation results of the proposed method
are reported in [107], while this chapter presents full details of the method, as
well as validations using FDTD simulation and measurements.

The remainder of this chapter is organized as follows: Section 5.2 presents
the detailed mathematical formulation of the FGCM method. In Section 5.3,
numerical results obtained employing the FGCM method are validated with
respect to the brute-force MoM approach, IE3D and SEMCAD commercial
software. The computation times for the proposed method are also reported in
this section. In Section 5.4, the obtained numerical results are validated with
respect to measurements and the performance of the method is discussed. Fi-

nally, conclusions are drawn in Section 5.5.



Chapter 5. Efficient MoM Simulation of 3D Antennas in the Vicinity of the
86 Ground *

ZJ\ N
U
r
é
X > zZ=0
€1l Y
‘ Ez)L2

Figure 5.1: Coordinates of a radiator above a multilayered medium.

5.2 MATHEMATICAL FORMULATION

5.2.1 TE and TM waves

Consider sources above a mutilayered medium, excited by known electric and
magnetic currents, as illustrated in Fig. 5.1. The fields above z = 0 can be de-
composed into TE and TM plane waves associated with spectral coordinates

(kx, ky). Those plane waves are expressed as follows:

E = (—mArp+28Ary) e k¥ otk ok (5.1)
1

(é ATE + 11 ATM) e Tkxx o=ikyy pEjkez (5.2)

T
|

n
where, in the exponent along z, the F sign corresponds to electromagnetic
waves propagating in the £z direction, and A is the complex amplitude of the
plane wave. The free-space impedance is denoted by #. For a given spectral
component (kx, ky), with magnitude g = /k +k, propagation takes place

in direction k = (kx, ky, Fk;) with
ks kg + k2 = K = wPeip (5.3)

where €; and p; are the permittivity and permeability of the i layer in the
medium [108]. The sign of k;, is chosen such that Imk,<0. The normalized
direction of propagation is #i = k /k. In each medium, horizontal and vertical
polarization vectors are defined by vectors perpendicular to the direction of

propagation for waves propagating in +z direction:

—ky 1 kyk,
ky and M = Bk ky k. (5.4)
0 —p?
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For waves propagating in —z direction:

—ky —ky k

.1 o 1

m B ky and &t = ﬁ —ky k; (5.5)
0 —B?

In the TM case, é, is é" or ¢? (upwards and downwards, respectively); and
in the TE case, é, is —1i

5.2.2 Electromagnetic fields reflected from ground

Consider the case of a three-dimensional antenna discretized with Basis Func-
tions (BFs), and Testing Functions (TFs). In the following, Galerkin testing
will be applied; i.e. the set of testing functions corresponds to the set of basis
functions. We split the interaction matrix Z between these BFs and TFs into
a free-space part Zf and a ground-reflected part Z8. A plane-wave spectrum
approach with regular (ky, k) spacing [109]-[111] is used to accelerate the cal-
culation of the ground-reflected part. The Green’s function reads as the Weyl
integral [112]:

o—JkR
GR) = T7r

1 Foo o= (kx (x—=x")+ky (y*y’)+kz\2*2’|)dk "
- (27'[)2 //fco 2]kz x y

where 7/ = (x',y/,7') represents the source point coordinates, 7 = (x,v,z)

(5.6)

represents the observation point coordinates, and R =|| 7 — 7' ||.
The vector potential in free space due to electric current density J, associ-
ated to a BF can be expressed as:

2= [[] 6L, v, ) dv (5.7)

In (5.6), the integral over (kx, k,) coordinates corresponds to the spectral
representation of the Green’s function. For waves propagating in —z direction,
|z — 2| can be rewritten as z’ — z, such that e /%271 = ¢/kZ'o=jkz becomes
separable. This chapter assumes that the antenna is entirely above the ground
and calculates the ground’s reflection component by simply multiplying each
plane wave propagating in —z direction by the ground’s reflection coefficient.
The relation between the electric field intensity with p polarization (either TE

or TM) and the radiated vector potential is defined as:
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E :_]k’?(/“‘*'vkV )p

—ik j (kx x+kyy kz z) .
] 1 / / O (5.8)
X!ky

Z

{I — ]Z;} ///fb e~ X' thy '+ 2) gy g dk,

where integrations over spectral and spatial coordinates appearing in (5.6) and
(5.7) have been swapped, and 7 is the identity operator. The electric field
propagating in —z direction (z < z’) with p polarization then becomes:

—j (kx x+ky y—k. z)
Ep(x,y,2) = / / & Fyp (ke ky) & 5 dky dk, (.9)
o 2jke

where F, , is the pattern of the corresponding basis function with p polariza-
tion; it is given by

Fy,p (kx, ky // Ty, 2) - ey ol ¥ty =k 2) gy (5.10)

The field reflected by the ground in the same polarization then becomes:

Ep(x, y, 2) = (‘2] &y Tplkx, ky)Fy, (kx, Ky)

(5.11)
efj (kx x+kyy—k: z)
2jk

dky dk,

where I’ is the reflection coefficient for p polarization.
The electric field tested by function J; reads

1:// E, -Jidv (5.12)
Following a procedure similar to that used in (5.9), I can be detailed as:

_ —jkn 1
= / / Fay (K, Ko Fipkes Ky) 5

(5.13)

Tp(ks, ky) dky dky
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where the radiation pattern of the testing function has a slightly different form

compared to that of the radiation pattern of the basis function in (5.10)

Foplks, k) = [[[ Ty, 2) - g e G thoa i) gy (5.14)
where it is important to note the changes of sign in the exponent, as compared
with the expression (5.9) of Fy ,. Regarding propagation in +z versus —z direc-
tions, one has to pay attention to the change in definitions of the polarization
vector: x and y components of vector é change sign in the TM case (see equa-
tions (5.4) and (5.5)). Hence, four different radiation patterns will be needed
for this method as follows: for each basis function, the radiation patterns will
be calculated for TE and TM modes, and for both propagation directions (—z
and +z). We also calculate the reflection coefficients I'rg and I't) to account
for the reflection from the ground.

For the results below, the SDP(Steepest-descent Path) contour deformation
is used in the complex f plane. Other types of contours, such as the parabolic
contour, have been used in [113] where the impedance matrix is filled similar
to Z8. The imaginary part of B in the SDP contour deformation is defined in
terms of the real part of 8 (Br) as follows [104]:

Br = %R (5.15)
2
with s = /1+ (58)",
and
agr 1
TP (5.16)
also,
ke kg Bp
Zx Y P 5.17
kxr  kyr  Br (617)

with ky = kyg + jkyr and ky = kyR +jky1

For details on how (5.15) to (5.17) are obtained, one may refer to [104] and
[114].

To avoid a singular integrand, we adopt a contour deformation in complex
B plane with

B=Br+jBr=\/ki+kj (5.18)

As proven in [114], the contour deformation can be applied while still in-
tegrating over real (ky, ky) coordinates. To do this, it is necessary to include
the following Q factor [114] in the integrand
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Q(kx, ky) = (1 —i—jgﬁ;) <1 +]‘§;> (5.19)

where B1(Br) is the function that defines the integration path.

Finally, from (5.13) and (5.19), the total tested field for a given pair (¢,b) of
testing and basis functions is obtained as

Z, = (2]7_[)2 / / (Fy,re Fr, e TrE + Fojraa Frm Trm)
(5.20)

1
2j7kz Q(ka/ kyR) dka dkyR

5.2.3 Spectral sampling of (ky, k) grid points

The spectral-domain MoM approach is employed to compute the interactions
between elementary basis and testing functions. The interactions between el-
ementary basis functions can be expressed as an extension of what is found in
(5.20).

A square grid in (kyg, kyr) coordinates is used with N = N, = Ny, points.
It is important to wisely choose the density and extent of the kg, kyr grid.

As explained in [104] and [115], a proper choice of integration domain
range and number of points N = Ny = N, can lead to a compensation be-
tween aliasing and truncation errors. Let us define the range of integration as
from —kyqx to +kpax. Based on an intermediate-to-far field approximation,
the integral can be proven to resemble the Fourier transform of a Gaussian
function with standard deviation close to o = (k/(2z))'/? [115], where k is
the wavenumber and z is the distance between the bottom of the antenna and
the ground. Therefore, a link can be established between the number of points
N and the normalized half width of the integration domain k4 /0.

It is known that the number of required plane waves decreases with in-
creasing distance between the antenna and the ground [116]. It should be
noted that the actual errors can differ a bit based on the distance between the
antenna and the ground. For each chosen N, an appropriate range of distances
is selected in order to attain the threshold of relative error in the order of 102
with respect to the exact solution of the Green’s function in the case of very
close distances between the antenna and the ground (less than 0.05A). The er-
ror in this case causes a variation in antenna impedance at the second decimal.
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A relative error in the order of 10~* is set for distances between the antenna
and the ground larger than 0.05A. The relative error is defined as:

_ GFex — GFFGCM
GFex
where GF,, is the exact solution of Green’s function, and GFrgcp is the Green's

er (5.21)

function obtained using the FGCM method. A perfect electrical conductor
(PEC) ground is taken into consideration for this case. The lateral deviation
(Ax, Ay) is chosen as (0.5,0.5)A to approximately account for the width of the
antenna. Table 5.1 provides for each chosen N = N, = N, the correspond-
ing half width of the integration domain ky,, /0, with the associated range of

distances.

Table 5.1: Number of integration points and associated domain of integration.

Range nb. integ. points || The normalized integration
domain k. /0
091 <z/A <28 13 1.4889
05<z/A <091 15 1.3116
02<z/A<05 17 1.1698
01<z/A<02 21 1.0599
0.05<z/A <01 25 0.8685
z/A <0.05 35 0.7574

Suitable Ny, Ny values can be obtained by determining the minimum an-
tenna height and referring to the corresponding Ny, Ny, values in Table 5.1. If
the antenna lateral dimensions are significantly larger, Table 5.1 will need to

be recalculated.

5.2.4 Numerical implementation

To implement this approach, the values of I, Q, F, and F; for each basis and
testing functions can be arranged in matrix forms. One may define - as the
matrix element-by-element product, * as a matrix product and 1 as a matrix
of length equal to the number of BFs or TFs and width equal to one. The same
mesh will be used for excitation, and we define M as the number of BFs. The

integration in (5.20) can be written as a matrix multiplication as follows:
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szb = Fire * (Byre - #(Pren + 1))+

(5.22)
ﬁt,TM * (ﬁb,TM k(T * i))
where
—Q(ky, ky) k
I'rer =T'7e MZZAkxAky
: (5.23)

—Q(ky, ky) k
I'rmr =T'tm (2( ;)zy) %AkxAky

where lf"t,TE is a matrix with dimensions of M by Ny x Ny, lf"b,TE is a matrix
with dimensions of Ny x Ny by M, I'rg1, Ttan are matrices with dimensions
of Ny x Ny, by one, and Zztg , 18 @ matrix with dimensions of Ny by Ny. Ak, and
Ak, are the wave number steps along ky and k;, respectively. When chang-
ing the ground parameters, only I'rg and I'ry need to be recomputed, and
a new matrix Z8 is efficiently calculated. This sort of formulation allows for
significant improvement in computational speed in certain computational lan-
guages, as Matlab®. More information about the required time to obtain the
radiation patterns, reflection coefficients and to fill the matrix Z& will be pro-
vided in Section 5.3.A.
Then, for all pairs of basis and testing functions, the MoM impedance ma-
trix is given by
z=78+7f (5.24)
where Z8 includes all effects of interaction with the ground. Z/ is the free-
space impedance matrix obtained using the brute-force MoM solution or in-

terpolated versus frequency using FMIR-MoM [102], considering that the an-

tenna is in free space.

5.3 SIMULATION RESULTS AND DISCUSSION

5.3.1 Validation against brute-force MoM for a Vivaldi an-
tenna above PEC ground

The antenna under consideration is a 3D Vivaldi antenna above a ground
plane operating from 1.5 GHz to 6 GHz. The antenna is represented by the
surface mesh in Fig. 5.2 with 1360 RWG [117] basis functions. The antenna
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dimensions are 7.5x10x0.5 cm, and it is placed at d=10.75 mm above a PEC
ground, as shown in Fig. 5.2. The Vivaldi antenna mesh was produced using
GMSH [41].

Figure 5.2: Vivaldi antenna at d=10.75 mm above ground.

An electromagnetic simulation solver developed at UCL, based on the
conventional Method of Moments [16], was used to calculate the free-space
impedance matrix Zf. This software can solve the problem of an antenna in
the presence of a PEC ground using image theory. It is not possible to include
a dielectric ground in this example. Validations for real and imaginary parts
of the input impedance can be seen in Fig. 5.3. The results show an excellent
agreement between the FGCM technique and the brute-force MoM for this
type of 3D antennas above a PEC ground.

The simulations were carried out using a PC with 24 GB RAM and a 2.4
GHz Intel Xeon Core Processor. For a single frequency, the FGCM method
requires 89.9 seconds of preparation time, which includes the calculation of
the four radiation patterns per basis function, as well as the free-space brute-
force MoM matrix. All matrix filling times are provided in Table 5.2. The
dimensions of the (ky, k;) grid are set to Ny = N, = 35.

For a given set of soil parameters, it is only necessary to recalculate the
reflection coefficients I'rg and I'ty, as well as the matrix multiplications in
(5.22) after uploading the off-line patterns of basis functions and the free-space
MoM matrix. This procedure only takes 1.5 seconds, to be compared with 33.5
seconds (the difference between 97.8 and 64.3 seconds) in the case of brute-
force MoM. It was feasible to keep the radiation pattern matrices in RAM, so
we could save their uploading time. For each frequency, it is necessary to
upload the radiation patterns once. The FGCM method speeds up the brute-
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Figure 5.3: Real and imaginary parts of the antenna input impedance.

Table 5.2: FGCM DETAILED COMPUTATION TIMES

Operation Time (s)

Free-space brute-force MoM matrix Z/ 64.3

Brute-force MoM with a PEC ground 97.8
All radiation patterns 25.5
I're and I'ry 0.094

Matrix multiplication and filling of Z& 0.67

Uploading offline patterns 0.73

and free-space MoM matrix

force MoM by a factor of 22, and hence allows for efficient loops over soil
parameters. The time needed to obtain the ground coupling matrix Z¢ has a
direct relation with the number of points in the (ky, k;) grid. More details on
this parameter are provided in Section B.



5.3 SIMULATION RESULTS AND DISCUSSION 95

5.3.2 Influence of (ky, ky) grid resolution

As explained in Section 5.2.3, the number of points in (ky, ky) grid is carefully
chosen based on a compensation between aliasing and truncation errors. The
influence of using a coarse (ky, ky) grid is observed in Fig. 5.4, which shows the
effect of different values of Ny and N, parameters for the case of the Vivaldi
antenna placed above a PEC ground. Increasing the number of points Ny, Ny
from Ny = N, = 35 to Ny = Ny = 75 will increase the time needed to create
the radiation patterns from 25.5 to 115.9 seconds, without significant effect on

accuracy.
1000 Real part of input impedance
; ‘ ‘ ' —Brute-force MoM
H ~-N_=5, Nv:5
800 # ’ ;
N =15,N =15
x y
T 600 N =35, N.\:35
=
=
& 400 |

200

3 4
Frequency (GHz)
Imaginary part of input impedance

800 : | . .
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N =5,N =5
X ¥
N =15, N =15
X ¥
N =35, N =35
X ¥

-200]

- I i i i i i i
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Figure 5.4: The influence of (kx,ky) grid resolution.

5.3.3 Dependence on antenna-ground distance

From (5.14) and (5.20), it is found that it is possible to very efficiently account
for the effect of changing the vertical distance between the antenna and the
ground by introducing an air layer just above the layered medium. It is worth
noting that the antenna coordinates and radiation patterns do not change.
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Thus, only I' needs to change as follows

TrErM(+a2) = DTETM(z) € T (5.25)

where Az is the difference between the two vertical distances. A simulation
has been carried out applying the FGCM method for a distance of 10.75 mm
between the Vivaldi antenna and a PEC ground. The reflection coefficient ob-

—2jk0z where Az is set

tained from this simulation is multiplied by the factor e
to 10.5 mm. The obtained results have been compared with the brute-force
solution in the case of a PEC ground for a distance of 21.25 mm between the
antenna and the ground. The results are in excellent accordance, as shown in
Fig. 5.5. For comparison, the computational time needed to create the radia-
tion patterns for a height of 21.25 mm at a single frequency is 25.5 seconds,
while only 1.28 seconds are needed to update the MoM matrix by phase shift-

ingI.

Real part of input impedance

. —The FGCM mcthod for height=21.25 mm
800 : ---The FGCM method for height=10.75 mm, with factor multiplication

i | i
0 1 2 3 4
Frequency (GHz)
Imaginary part of input impedance

600 —FGCM method for height=21.25 mm
---FGCM method for height=10.75 mm, with factor multiplication

-400 3

g 4
Frequency (GHz)

Figure 5.5: Validation of antenna input impedance while modifying the verti-
cal distance between the antenna and the ground.



5.3 SIMULATION RESULTS AND DISCUSSION 97

5.3.4 Validation against IE3D for a dipole antenna above a
multilayered medium

The FGCM method is validated below with results obtained with the commer-
cial software IE3D [118], while considering a dielectric ground. A horizontal
dipole in the form of a 5 x 0.25 cm rectangular strip is placed 1 cm above a loss-
less multi-layered medium (see Fig. 5.6 for medium details). For the FGCM
results, the dipole is discretized using the GMSH software into 37 RWG basis
functions. The number of (ky, k,) grid points is taken as Ny = Ny = 19. Table
5.3 gives the computation times for both cases.

Table 5.3: IE3D AND FGCM COMPUTATION TIMES

Operation Time (s)
IE3D software 0.4
FGCM method 0.156

Update of Z8 when changing ground parameters 0.078

while having patterns precalculated

q .
[
| Er=25

||
o0 |
|
g
L ”

&r=10

Figure 5.6: Horizontal dipole in the presence of a lossless multi-layered infi-
nite ground; plot generated with IE3D.

Fig. 5.7 shows a very good agreement between the FGCM results and IE3D
simulations. The free-space results added on the plots illustrate the very sig-
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Figure 5.7: The antenna real and imaginary parts of input impedance as
a function of frequency for three different simulations: free-space, FGCM

method and IE3D simulation (the latter two in presence of layered medium).

nificant effect of the multilayered medium on the input impedance of the an-

tenna.

5.3.5 Validation against the FDTD method for a dipole an-
tenna

The finite difference time domain (FDTD) [119] method has been widely used
to model lossy and dispersive materials, as well as antennas [120]. The FGCM
method is validated against the FDTD method obtained with the commercial
software SEMCAD X Matterhorn SOLUTIONS [121], while considering PEC
and dielectric media. A dipole in the form of a 50 x 1.11 cm cylinder is placed 5
cm above a huge cube (300 x 300 x 28 cm) of PEC and lossy medium, as shown
in Fig. 5.8. The medium has a relative permittivity of 5.54 and a conductivity of
0.0327 S/m. For the FGCM results, the dipole is discretized using the GMSH
software into 1158 RWG basis functions. The number of (ky, k) grid points
is set to Ny = N, = 35. Fig. 5.9 shows a very good agreement between the
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FGCM method and SEMCAD simulation for both cases, i.e. PEC and lossy
media, which validates the FGCM method over the FDTD technique. Table

5.4 compares the time needed for both methods for a single frequency.

Table 5.4: SEMCAD AND FGCM COMPUTATION TIMES

Operation Time (s)
SEMCAD software 691
All radiation patterns 21.257

I'rpand I'ry 0.137

Update of Z8 when changing ground parameters 1.67

while having patterns precalculated

Figure 5.8: A dipole in the presence of a layered medium; plot generated with
SEMCAD.

5.4 EXPERIMENTAL MEASUREMENT VALIDATION
AND DISCUSSION

We show here the measured results for a single 3D Vivaldi antenna prototype
(Fig. 5.10). This antenna was initially designed as part of an antenna array
for imaging applications [122]. The prototype operates from 1.5 GHz to 6
GHz as shown in Fig. 5.11. Two cases of layered medium will be taken into
consideration: PEC and lossy grounds. The measurements are recorded at
different vertical distances between the antenna and the ground.
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Figure 5.9: The reflection coefficient comparison between FGCM method and
SEMCAD simulation in the case of PEC and lossy media.

Figure 5.10: The 3D Vivaldi antenna prototype.

5.4.1 Experimental validation in the case of a lossy ground

Fig. 5.12 shows the measurement setup in the case of a lossy ground. The

lossy medium consists of a stack of 7 clay pavers; 280 mm thick with a metal

plate underneath. The pavers have a relative permittivity of 4.8 £ 0.5 and a
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Figure 5.11: Comparison of free-space reflection coefficient between the brute-
force MoM and measurement for the 3D single Vivaldi prototype.

conductivity of 0.05 & 0.015 S/m [123]. The Vivaldi antenna is placed at a
distance of 0 mm (touching the pavers) and 23.5 mm above the lossy ground.
As can be seen in Fig. 5.13, a relatively good agreement between the measured
and FGCM results is achieved.

Figure 5.12: Experimental setup in the case of a lossy ground, shown with a
stack of 3 clay pavers (the results presented in this chapter use a thickness of

7 pavers).

5.4.2 Experimental validation in the case of a PEC ground

The pavers were replaced by a large metal plate (PEC) which is placed 10.75
mm and 21.25 mm below the 3D Vivaldi prototype. Fig. 5.14 shows a good
level of agreement between the measurement and the FGCM results.

GPR data can be presented in time domain. The frequency domain sig-
nal obtained from the reflection coefficient is inverse Fourier transformed to
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Figure 5.13: Comparison of reflection coefficient between the FGCM method

and measurement in the case of a lossy ground.
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Figure 5.14: Comparison of reflection coefficients between the FGCM method
and measurement in the case of a PEC ground.

obtain the time domain response. Fig. 5.15 shows the time domain response
comparison for two cases: (1) the simulated difference between the free-space
and a lossy medium of 7 clay pavers placed 23.5 mm below the Vivaldi an-
tenna with relative permittivity of 4.8 & 0.5 and conductivity of 0.05 4 0.015
S/m; 280 mm thick with a metal plate underneath, (2) the measured difference
for the same case as in (1). The antenna is fed with a unit voltage. The phase
shift between the simulated and measured results has been corrected. This
phase shift is due to the feed length difference between the GMSH model and
the fabricated antenna. The cable length calculation is obtained from the free-
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space data. For simplicity, it is assumed that the coaxial cable in the Vivaldi
antenna is lossless and leads to a phase factor of ¢/™z. A linear least squares
method is used to find the value of 2 which minimizes the error between mea-
surements and simulations. This allows to cater for the coaxial cable length.
Fig. 5.15 shows a good matching between the simulated and measured results,
where the first layer and the metal plate are well detected at the same time-
domain peaks. The data obtained from Fig. 5.15 can be used to approximately
calculate the layer thickness using the following equation:

(2 —t)\/e,
4 = 2V (5.26)

where t; and ¢, are the timing of maxima corresponding to the first layer and
the metal plate, respectively, and c is the speed of light.
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Figure 5.15: Comparison of time domain response between the FGCM method
and measurement in the case of a lossy medium.

Table 5.5 shows the layer thickness calculated from the data obtained from
the plot above, with the percent error in layer thickness An. The precision of
the simulation method may be evaluated by taking the maximum value of the
absolute error between simulation and measurement at returns of particular
interest and dividing by the maximum of the measured return with the an-
tenna in free-space. For the return from the air/paver interface (large return
at approximately 1.5 ns) this is -74dB, while it is -49 dB for the paver/metal in-
terface (small return at approximately 6 ns). The loss in accuracy for the later
return is probably due to difficulties in obtaining an accurate ground truth
measurement of the paver’s loss tangent. It should be noted that the free-
space return has been removed from Fig. 5.15 to enable the later returns to be
viewed clearly.
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Table 5.5: LAYER THICKNESS IN SIMULATED AND MEASURED DATA

Operation || d,(mm) || An(%)

Simulated 295.2 5.1

Measured 290.7 3.6

5.5 CONCLUSION

A novel fast method based on the MoM solution of integral equation is pro-
posed to add the contribution of ground on antennas. We named the method
Fast Ground Coupling Matrix (FGCM). The MoM impedance matrix is di-
vided into two parts: the free-space matrix and the ground contribution ma-
trix. The free-space matrix is obtained by conventional brute-force MoM solu-
tion. The ground contribution matrix is obtained by efficient multiplication
of radiation patterns of the basis/testing functions and the reflection coef-
ficient in the spectral domain. The spectral integration is carried out in 2D
spectral coordinates using the steepest-descent path. A minimum number of
samples is achieved through compensation between aliasing and truncation
errors. The physical parameters of the ground only appear through the re-
flection coefficient. This property allows for very fast update of the ground
contribution matrix, while looping through soil parameters. The proposed
method has been validated against the exact MoM solution in the case of a
PEC ground. The FGCM method has also been validated against the commer-
cial software IE3D in the case of a lossy multilayered ground, and SEMCAD
(FDTD method) in the case of PEC and lossy media. Considering a 3D wide-
band antenna, it has been shown that the FGCM method is 22 times faster
than the MoM brute-force solution (1.5 seconds compared to 33.5 seconds per
frequency) when changing the ground permittivity, conductivity, permeabil-
ity, number of layers, layer thickness, and/or antenna height. Accurate ex-
perimental validation has been provided for antennas at a range of distances
above both PEC and lossy dielectric grounds.
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On the Use of
Contour-FFT for the
MBF-based Analysis
of Arrays of

Antennas Placed

Vertically Above a
Multi-layered
Substrate

This work has been done in collaboration with Sumit Karki (MBF approach)
and Dr. Shambhu N. Jha (C-FFT method). A method is proposed for the
fast Macro Basis Functions (MBFs) characterization of antenna arrays placed
vertically above a multi-layered substrate by using the Contour-Fast Fourier
Transform (Contour-FFT) method. The presented work aims at accelerating
the evaluation of interactions between the MBFs defined on the elements cor-
responding to antennas extending vertically above the ground. We first write
a complex-plane extension of the interaction between antennas via reflection
by the ground. The calculation is then accelerated using the Contour-FFT. We
exploit the Contour-FFT available for planar arrays to efficiently obtain the so-
lution of the currents on the vertical antennas with the consideration of reflec-
tions from the semi-infinite ground. Results are presented and future perspec-
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tives are highlighted. In recent years, various numerical methods have been
proposed for the fast analysis of antenna arrays. The Method-of-Moments
(MoM) [16] technique has been widely used to solve problems involving cur-
rents on metallic and multilayered dielectric structures [124]. The computa-
tional complexity of MoM based on brute-force technique rapidly becomes
prohibitive. To solve this issue, the Macro Basis Functions (MBFs) method
[125] [126] [45] is used. The MBF method is a decomposition technique, which
reduces the computational complexity in solving time by a factor (N/M)3,
where N is the number of elementary basis functions, and M (M <<N) is the
number of MBFs per antenna.

Although the traditional MBF method solves the issue of solution time, the
complexity of finding the MBF interactions remains the same. The Contour-
FFT (C-FFT) technique [114], among many other available fast methods [127]
[128], presents a new formulation of accelerating the computations of MBF
interactions. It consists of expanding the kernel obtained by a parabolic con-
tour deformation to make it suitable for FFT acceleration of spectral-domain
interactions, including proper treatment of poles. In this work, we exploit the
C-FFT method to analyze the large arrays of vertical antennas placed over a
semi-infinite ground. The preliminary results confirm that C-FFT can be read-
ily applied to that configuration. We use the C-FFT method to accelerate the
evaluation of MBF integrals with N'log, N complexity for the interactions in-
volving reflection by the ground. The free-space part of the interactions has
been accelerated with the multipole approach [129] [130] [131]. Interactions
among array elements farther than a wavelength have been computed using
the multipole approach while the near- and self-interactions have been com-
puted using the brute-force method.

The remainder of this chapter is organized as follows. Section 6.1 presents
a brief explanation on the proposed mathematical approach. Validation re-
sults of the proposed method are reported in Section 6.2. Finally, conclusions
and future prospects are drawn in Section 6.3.

6.1 Mathematical formulation

The proposed approach starts from the spectral formulation presented in Chap-
ter 5 for the computation of the MoM impedance matrix of an antenna located

above the ground. The reader is reffered to Section 5.2 for the details.
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6.1.1 MBF Approach

For all pairs of basis and testing functions, the MoM impedance matrix is
given by:

Z="7+7, (6.1)

where Z; includes the effect of the multi-layered medium Green’s function
and will be treated with the C-FFT method. Z;, is the homogeneous impedance
matrix obtained in free-space and will be treated with the MBF-multipole ap-
proach. For a basis antenna element # and a testing antenna element m, the
homogeneous impedance matrix can be directly reduced using this approach
and is given as [131][134]:

e

2

(i{n”)z .//E(a) EF () T(k, P, 2)dU 6.2)
The integration is done over a unit sphere U spanning different directions
in 7. The far field patterns of the basis functions are given by F;, and the
translation function between element m and # for a wavenumber k and for a
radial distance p,;, is given by T.

The reduced impedance matrix, Z', can be computed using the MBF ap-
proach. It reduces the size of the matrix Z by grouping the elementary basis
functions into a set of aggregate functions called the macro basis functions,
which are generated by the ‘primary-and-secondary” approach [135]. The re-
duced MoM interaction matrix and the excitation vector are the given as:

7' =QHzQ (6.3)

v = QMo (6.4)

where the superscript (/) is the Hermitian transpose. The reduced system of
equations now reads as Z'i’ = v'.

With the MBF approach, the size of the MoM matrix is reduced from NA x
NA to MA x MA, where A is the number of antenna elements in the array.
Since M << N, the size of the MoM matrix is considerably reduced.
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6.1.2 Field reflected by a multi-layered medium

The interaction between Macro Basis Functions (MBFs) is given as

Zl = (2]7[)2 // (Fb,TE Ft,TE rTE + Fb,TM Pt,TM IﬂTM)

1
T Q(ky, ky) dkx dky

(6.5)

where F, and F; are “basis” and “testing” radiation patterns for the MBFs,
as defined in (5.10) and (5.14) for elementray basis functions. Q, detailed
in (6.19), is a factor including the effect of contour deformation in complex
wavenumber plane. The patterns of all MBFs are supposed to be computed
with a common reference point regarding the phase. It is convenient to shift
the reference point toward each antenna on which the MBF is defined. This
introduces a phase factor in which Ax and Ay, the vector distance between
antennas, appears:

—ik 7
ZC = J // FO FO T FO
I~ 2n)2 ( bTEL tTELTE + £ p M

1
Form FTM)2j72 Q(kx, ky)

(6.6)
_]'(kxAX-I-kyAy) dkx dky

where F¥ refers to the radiation pattern obtained from the central element.
The phase factor transforms this expression into a Fourier Transorm. As will
be explained in Section 6.1.3, (6.6) will be estimated efficiently on a regular
grid in (Ax,Ay) plane with the help of a FFT.

6.1.3 C-FFT acceleration method

The C-FFT [114] is a method to accelerate the evaluation of space-domain
substrate-related interactions, which provides a Nlog, N complexity. This
method will be used to accelerate the computation of (6.6) as it has a Fourier
transform structure. However, to obtain an efficient result, one has to treat the
surface wave poles in spectral domain. This has been done with the use of
steepest descent path (SDP) contour [103]. Actually, when one considers the
contour-deformation, the integral kernel no longer corresponds to a purely
imaginary exponential (i.e. the Fourier transform kernel); hence the FFT accel-
eration cannot be applied directly to it. This problem has been solved through
a Taylor’s series expansion of the real exponential that results from contour
deformation [114]. In that work, the C-FFT method has been demonstrated
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for large arrays of printed horizontal antennas using parabolic contour defor-
mation. We exploit here the benefits of the C-FFT method to analyse large
arrays of vertical antennas placed over the multilayered substrate or the semi-
infinite ground (Earth) using the SDP contour. As shown in Section 6.2, the
C-FFT can be extended to the vertical antenna case when the elements are en-
tirely located on one side of the air-ground interface. Equation (6.6) can be
written in the DFT summation form suitable for acceleration with the C-FFT
approach [114] as follows:

Zlc ) 2 ZTMefi(kXAprrkyqu)AkxAky
P q
+Ax Z Z 'ykxTMe*i(kxAxf’*kyAy‘?)AkxAky
P q
+Ay Y Y yky Tyge ks Hhybya) Ak Ak,
" iy 6.7)

where we get the following formulation from (7.2)

- —ik
I = # (Fob,TE FO e Tre + Fopram Formu
6.8)
1 B1
T —— Qlky, ky); v = -
TM)Z]kZ Q( X7 y)/’)/ ﬁR

Br = /K2 + ki, Br = f(Br) corresponds to contour deformation. As can
be seen from (6.7), the space domain parameters Ax and Ay are factored out,
which allows one to exactly identify the double sums with the Discrete Fourier
Transform. The FFT operation directly provides all the interactions over a fine
grid with spacings Ax and Ay.

6.2 Results and discussion

6.2.1 IE3D Validation of adding the ground contribution effect
over the antenna

A vertical single diople of length 5 cm and width 0.25 cm has been chosen to
validate the formulation (6.5), it will be further used as a reference solution
based on the MBF method. A layered medium has been chosen as an infinite

ground, with relative permittivity (e, = 25), placed 1 cm under the vertical
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dipole. A dipole model provided by IE3D [118] in the case of vertical localized

ports has been used in the comparison.

(6]
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Figure 6.1: Reflection coefficient comparison between the developed full-wave

code and IE3D simulations

The comparison between IE3D simulation and the developed full-wave

code (Fig. 6.1) shows a very good correspondance.

6.2.2 The case of large arrays of vertical dipoles

Simulations have been carried out for a regular grid of dipoles (10 x 10) of
length 5 cm and width 0.25 cm at the central frequency of 2.8 GHz. The
same layered medium used previously has been chosen in the simulation.
The dipoles are designed and meshed using the GMSH [41] software. Each
dipole is meshed with 37 basis functions. The planar regular array configura-
tion is shown in Fig. 6.2, where it is placed 1 cm above the semi-infinite lay-
ered medium. The inter-element spacings Ax and Ay in the array are taken as
0.6Ap, where A is the free-space wavelength. We consider the case of exciting
the center element, while the remaining dipoles are passively terminated with
a 50 () load. The port currents obtained using the brute-force method are com-
pared with the MBF method applied to interactions computed as in (6.1). The
errors shown will be given in dB and are defined as 10/0g10|If — Ly|? where,
Iy and I, are the port currents obtained using the brute-force method and

MBF method, respectively. The results are normalized w.r.t. the maximum
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value of |I¢|. The comparison is of excellent accuracy with an error level well
below —70 dB over the frequency band of interest using 25 MBFs, as shown in
Fig. 6.3. The mutual coupling between elements in the array has been shown
with currents on all elements in the array when the central element is excited,
as shown in Fig. 6.4. As can be expected, the elements close to the center have
higher port currents than those at the corners. The central element is denoted
by number 1 while the farthest corner elements are denoted by numbers 89,
90, 99 and 100.

Figure 6.2: Regular planar array with 100 vertical dipole elements in the pres-
ence of a semi-infinite ground.

6.2.3 Analysis of a 3 x 3 regular array by C-FFT method

A regular array of 3 x 3 dipole antennas is placed vertically 1 cm above the
lossy ground medium with permittivity €, = 25. The array spacing in Xand Y
directions are taken equal to 0.61¢, where the central frequency is equal to 2.8
GHz. The port currents obtained from the C-FFT method are compared with
those obtained from the solution of the MBF method, as shown in Fig. 6.5.
For the analysis of large arrays, using a large number of k; and k, values
is very important. At first, the patterns of macro basis and macro testing func-
tions are evaluated for 59 x 59 ky — ky grid. To achieve good accuracy and
also save evaluation time of the radiation pattern, the corresponding values
for larger spectral grid of size 1024 x 1024 is obtained by interpolation. The
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Figure 6.3: Comparison of port currents over the frequency band (1 — 5) GHz.
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Figure 6.4: Port currents at the resonant frequency when the central element
in the array is excited.

C-FFT expansion up to 5" order has been used for this calculation and prelim-
inary results suggest that to continue working with SDP contour, the number
of terms in the FFT expansion have to be increased. The required order in
C-FFT development increases with the product between contour height and
array size [136]. Further works are needed to improve the accuracy and to
benchmark the required number of FFT terms by lowering the contour.

The MBFs generation requires 515.74 seconds of preparation time. The
MBF-based reduced matrix filling to obtain Z; requires 229 seconds. More-
over, the time required to obtain Zj by using C-FFT method is 158.25 sec-
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Figure 6.5: Port currents for MBF method and C-FFT at the resonant frequency
when the central element in the array is excited.

onds. It should be noted here that the preparation time corresponds to a fixed
amount of time, which will be the same irrespective of the size of the array.
Furthermore, the time required to obtain the MBF-based interaction using the
C-FFT method does not increase a lot, when we opt for the analysis of large
arrays. That means, as the interactions are obtained in quasi-instant way us-
ing the C-FFT method, the aforementioned timing of 158.25 seconds would be
just increased by few 10’s of seconds when analyzing the bigger arrays.

6.3 Conclusion and future prospects

This work presents the possible use of Contour-FFT (C-FFT) approach to an-
alyze large arrays of vertical and 3-D antennas placed over a semi-infinite
ground or, possibly also, a layered medium. We presented some results in
terms of validation of the basic form of the spectral evaluation. The first use
of the SDP contour deformation combined with the C-FFT method available
for planar arrays indicates that this can be extended to analyze large arrays
of vertical antennas. However, we noticed that the number of FFT would
increase a lot, if we continue working with SDP contour opting for better ac-
curacy. Therefore, further work will be focused on lowering the contour and
benchmarking the required number of FFT terms.
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Conclusions and
Future Works

7.1 Conclusions

In this work the complete design of various wideband three-dimensional an-
tenna types mainly for imaging systems has been presented. In addition a
fast numerical method has been developed to account for the effect of the
ground on the antennas. We reviewed the state-of-the art from the literature
for various metallic antenna designs, especially Vivaldi and monopole types,
and studied the principle of radiation to produce compact and miniaturized
antenna prototypes. At the beginning, we started with the design of a sin-
gle 3-D traditional Vivaldi antenna. To improve the bandwidth of interest of
the traditional Vivaldi antenna, an additional degree of freedom is added by
modifying the major and minor radii of the ellipse curve, as well as the po-
sition of the center with respect to the feeding point. Ten Vivaldi elements
have been assembled in a circular shape to configure of a 3-D UWB circular
imaging array. A fast calculation method has been applied based on the Array
Scanning Method applied to the MoM to simulate the circular array thereby
accounting for all the effects of mutual coupling. Both single-element and ar-
ray designs have been manufactured, and very good agreement has been ob-
tained between measurement and simulation. We named the prototype as the
“"Wheel-of-Time”. This prototype has been used for imaging and localizing
targets in the next steps.

Proceeding with the fabricated WoT prototype, various image reconstruc-
tion algorithms are proposed to image and localize targets. Two metallic tubes
have been used as targets to be localized, and a dielectric cylinder has been
used to be imaged. Time-domain responses have been processed in order to
provide an initial image of the metallic tube. The metallic tube is successfully
depicted in the area of radiation exposure, and the target is localized. The
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WoT prototype has also been used to distinguish between metallic cylinders
in the area of radiation exposure. The Array Scanning Method applied to the
Method of Moments is used to account for the connection between sectors of
the whole structure. Good comparisons are obtained between ASM-MoMs
simulations and measurements in the presence of metallic targets. The reso-
lution between metallic cylinders is investigated experimentally and numer-
ically. Regarding reconstruction of a dielectric cylinder of relative permittiv-
ity e, = 4 positioned in the area of radiation exposure, preliminary imaging
results have been obtained and the cylinder position and dimension are suc-
cessfully revealed. After all these trails, the WoT has been proven as well de-
signed and fabricated prototype, which gives us another confirmation about
our techniques of simulation and fabrication.

An important component in the development of water leak detection is
the design of a UWB antenna; i.e., to detect leaking pipe underground. The
low frequencies are very important in this application to be able to penetrate
deeper into the ground, as well as high frequencies to reconstruct images with
high resolution. Low frequency antenna design is challenging due to the ex-
pected large dimensions of the radiator. The bandwidth of interest is set from
0.25 GHz to 2.5 GHz. A UWB Vivaldi antenna design has been proposed with
60 x 41 x 1.5 cm dimensions. We took as an objective to minimize the an-
tenna weight by introducing holes at specific positions related to the current
distributions. Further alternative solution could be achieved by making the
antenna hollow from inside (as provided in the thesis of Dr. Remi Sarkis).
This solution will increase the fabrication cost, due to the high technology
used. The proposed antenna has been fabricated and measured at UCL. The
comparison between measurements and simulations is very satisfactory, with
a bandwidth from 250 MHz up to 3.5 GHz under a -10 dB criterion in terms
of reflection coefficient. Preliminarily tests have been carried out to exam-
ine the effect of nearby ground on the antenna. The trails have been carried
out using the CST commercial software with two different permittivities, and
it shows a remarkable effect on the antenna impedance at low frequencies
through rapid oscillations. The team of Prof. Lambot, at UCL Earth and Life
Institute, has tested the Vivaldi prototype. They do not encourage using the
Vivaldi antennas for water leak detection where high resolution is needed,
due to mismatching between the antenna and the ground at high frequencies.
It is recommended to lower the antenna profile to better match the high fre-
quencies with the ground. The prototype fabricated could be used to analyze

the quality of road pavement.
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The same antenna requires to be simulated many times with a large num-
ber of prospective soil properties. Applying the explicit use (or even pre-
computation) of the Green’s function to account for the contribution of the
ground on antennas costs much time, especially in large antennas, such as
those presented in the Vivaldi prototype for water leak detection. A novel
fast method based on the MoM solution of integral equations is proposed to
add the contribution of the ground on the antenna response. We named the
method Fast Ground Coupling Matrix (FGCM). The novelty of the method
consists of obtaining a specific contribution of the ground to the MoM impedance
matrix through an efficient multiplication of radiation patterns of the basis/test-
ing functions and the reflection coefficients in spectral domain. A minimum
number of samples is obtained through compensation between aliasing and
truncation errors in spectral integration. The physical parameters of the ground
only appear through the reflection coefficient. The spectral integration is car-
ried out in 2D spectral coordinates using the steepest-descent path. This prop-
erty allows for a very fast update of the ground contribution matrix, while
looping through soil parameters. The proposed method has been validated
against the exact MoM solution in the case of a PEC ground. The FGCM
method has also been validated against the commercial software IE3D in the
case of a lossy multi-layered ground, and SEMCAD (FDTD method) in the
case of PEC and lossy media. Considering a 3D wideband antenna, it has been
shown that the FGCM method is 22 times faster than the MoM brute-force so-
lution (1.5 seconds compared to 33.5 seconds) when changing the ground per-
mittivity, conductivity, permeability, number of layers, layer thickness, and /or
antenna height. Accurate experimental validation has been provided for an-
tennas at a range of distances above both PEC and lossy dielectric grounds.
We hope this novel technique will be of significant use to those interested in
characterizing grounds.

Finally, we target to analyze large planar antenna arrays placed above
multi-layered substrate, taking the benefit of the FGCM method and accel-
erating the MBFs interactions using the C-FFT method. First, we validate the
MBF and the FGCM methods against the MoM brute-force solution. SDP con-
tour deformation is again used, and an excellent accuracy with an error level
well below -70 dB over the frequency band of interest is obtained. Then, C-
FFT method is used to accelerate the MBFs interactions for 3 x 3 regular array.
The C-FFT expansion until 5th order has been used. However, we noticed
that the number of FFTs would increase a lot, if we continue working with the
SDP contour. Therefore, further work will focus on lowering the contour and
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benchmarking the required number of FFT terms.

In the appendix, i had the chance to deal with another interesting antenna
design for overhead line monitoring systems. It corresponds to a bulb antenna
(a type of monopoles). The antenna functionality is to send data, provided by
a sensor developed at the University of Liege, to the central server, and to
cover both GSM bands, i.e. 900 MHz and 1800 MHz. In a first step, a bulb
antenna working at 900 MHz has been designed and fabricated. The chal-
lenge was not just at the antenna design level, but to fit the antenna with the
sensor and to take into account the effect of sensor radiation and the protec-
tion layer (a layer surrounds the bulb antenna to protect it from the climate
changes, with relative permittivity of 3). An excellent agreement has been ob-
tained between measurement and simulation in terms of reflection coefficient
and radiation patterns, and a bandwidth between 745 MHz and 995 MHz is
obtained. Then, we developed the bulb design to be able to also resonate
at 1800 MHz. The major challenge at this level is to keep the same antenna
dimensions due to limitation in the sensor dimensions. Another option was
to add another antenna, and to use a combiner/splitter circuit. This solution
consumes extra power to supply both antennas, and complicates the data pro-
cessing. A novel simple dual-band bulb antenna solution has been proposed;
it covers the bandwidth from 785-890 MHz and from 1.8-1.98 GHz under a -10
dB criterion in terms of reflection coefficient. Such interesting design solution
provided me a unique experience to deal with hemispherical antennas, which

could be well integrated with other systems.

7.2 Future prospects

One of the goals of this work is to design a wideband antenna array for imag-
ing applications. The WoT has been successfully used to localize and image
metallic tubes. Also, a dielectric cylinder of relative permittivity e, = 4 was
successfully imaged. Further steps will be to image animal tissues or human
phantoms, such as breast phantom for breast cancer detection application.

In the presence of a target in the area of radiation exposure, multiple-
scattering paths have to be taken in consideration for accurate image recon-
structions. This problem has been explained in Chapter 5, where the time
domain response of the reference target is exploited. A calibration algorithm
is needed to account for the back-scattering radiation from the target on the
WOoT, and it will help to provide more accurate simulation results. The WoT
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allowed us to distinguish between two metallic cylinders with different di-
ameters. Developing an algorithm allowing to distinguish between canonical
targets will be an advancement on the way toward arbitrary target imaging.
Also, future research is proposed regarding the effects of scattering by the an-
tennas themselves inside the area of WoT radiation exposure. The experience
acquired in the field of 3-D metallic antennas (design, fabrication, measure-
ment, antenna simulation in the presence of a target...ect.) could be employed
in any area of industrial quality control application.

The other achievement regarding the efficient inclusion of the effect of the
ground on the antennas could be transformed into a commercial software,
since this feature does not exist in known antenna solvers. Future work will
consist of either creating a project to develop a commercial software to simu-
late antennas with the ground or contacting the R&D departments of existing
software companies to add this feature to their software.

In lossy media with high relative permittivity and conductivity values,
the skin depth is very small yielding high scattered planwaves. It is recom-
mended to keep the distance between the radiator and the medium at a twen-
tieth of the wavelength. Smaller distances a priori require a too large number
of inhomogeneous plane waves; i.e., a too large number of spectral samples.
Other field decompositions may prove more appropriate here. Future work
will focus on analyzing this special case.

Finally, regarding the way to simulate large planar antenna arrays, we
used the SDP contour, which considers as a high contour height, to account
for the contribution of the substrate on antennas. The required order in the
C-FFT development increases with the product between contour height and
array size. So, to simulate large antenna arrays, it is recommended to use a
low contour to avoid increasing the number of FFTs. Future work will consist
of repeating the work for a low parabolic contour, for example, to simulate
large planar antenna arrays.
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Appendix |:
Dual-band Bulb

Antenna for

Overhead Line

Monitoring Systems

This appendix presents simulation and measurement results related to a dual-
band metallic antenna, developed in the course of the OPTIGRID project funded
by Région Wallonne. The main objectives of the antenna research are to design
and fabricate a dual-band antenna suited to the proposed OPTIGRID sensor
specifications for overhead line monitoring systems. This scientific research
aims to try a novel interesting topology allowing the radiator to cover dual-
bands, and satisfying unusual constraints related to the very high field radi-

ated by power lines.

8.1 Introduction

Overhead line monitoring systems are one of the antennas applications in
which a compact antenna is used to send and receive the high-voltage line
data to be processed. Smart and dynamic solutions have been developed to
accommodate the challenge of expanding new grid lines. Dynamic Line Rat-
ing (DLR) sensor is a promising solution to increase the usable capacity of
existing lines while keeping the operation totally safe. The data recorded by
the sensors, which are clipped on the overhead lines, needs a GSM antenna to
send the data to a server. The antenna needs to cover GSM (900/1800 MHz)
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and 868 MHz bands for local communication. The antenna has to be compact
and well integrated with the DLR sensor. The 3D radiation patterns obtained
from the whole geometry is preferably omni-directional.

Dual-band antenna systems with one feed point were proposed in [137]
and [138]. The antenna in [137] uses two helical elements, while the antenna
in [138] uses monopoles with branches. Dual-band planar monopole antenna
designs based on patches and mictrostrip lines are proposed in [139] and
[140]. The bulb antenna is an interesting type of monopole antennas, which
we have chosen for this application. The bulb antenna has an advantage over
patch antennas due to its symmetrical radiation pattern, since the feed point is
located at the center. 3-D electrically small dome antennas are reported in [24]
and [25]. The antenna in [24] consists of eight silver meander lines conformal
to a hemispherical substrate with a relative permittivity of 4.8. The antenna
operates at a single frequency, i.e., 1.7 GHz, with a bandwidth of 4.45% for
a -10 dB criterion in terms of reflection coefficient. Modifications to meander
lines and feed structures had been suggested in [25] to obtain a dual-band
antenna. The antenna diameter is 80 mm and has a complex feeding network.
The antenna displays its first resonance at 520 MHz with only -6 dB in terms
of reflection coefficient.

This appendix is organized as follows. Section 8.2 presents the design and
fabrication of the single-band bulb antenna, which will cover the 900 MHz
GSM band. Then, we expand in Section 8.3 the single-band antenna to a dual-
band bulb antenna, which will cover 900 MHz and 1800 MHz GSM bands.

Conclusions are drawn in Section 8.4.

8.2 Design and fabrication of the single-band bulb

antenna

The sensor geometry with the bulb antenna has been designed and imported
in the CST Microwave Studio software, as shown in Fig. 8.1. The type of the
protection layer is chosen from Polypropylene Ether (PPE) with a relative per-
mittivity of 3. The type of protection layer has to be carefully chosen due to
its effect on the antenna and it has to be robust against the weather changes
and high voltage. Also, the protection layer has to be hemispherical in shape
to respect the “Sock theorem” which ensures that we avoid the sharp-sided
shells. In practice, it should be possible to wrap the antenna tightly with a
sock without hurting the latter. This avoids the formation of ultra-high field



8.2 Design and fabrication of the single-band bulb antenna 125

values consecutive to “tip effects” [141], able to ionize air and generate sparks.
Fig. 8.2 presents the antenna main components with the materials used in sim-

ulation. The antenna dimensions are 58 x 76 X2 mm.

«—— DLR sensor

& Bulb antenna

Figure 8.1: The bulb antenna with the DLR sensor.

Padding, rubber

Washer, Teflon

Antenna protection,
Prepermp L300

Figure 8.2: Bulb antenna components.

8.2.1 Simulation vs. Measurement

The bulb antenna is fabricated from Aluminum as shown in Fig. 8.3. The
antenna prototype is manufactured with collaboration with the OPTIM Com-
pany and has been measured at the WELCOME facility of UCL. The fabricated
antenna prototype has been measured for three cases: with the sensor, alone



Chapter 8. Appendix |: Dual-band Bulb Antenna for Overhead Line Monitoring
126 Systems

without the sensor (just with a metal plate) and without the protection layer to
see its influence on the antenna. The reflection coefficient results show a suf-
ficiently large bandwidth between 745 MHz and 995 MHz with respect to the
-10 dB criterion, where we have -30 dB at 868 MHz, and -20 dB for 900 MHz,
as shown in Fig. 8.4. The fractional bandwidth obtained is 28.7 %.The effect of
adding the protection layer appears in reducing and shifting the desired band-
width. The 3D radiation patterns measurement shows an omni-directional
radiation (Fig. 8.5) with a gain of 3.9 dBi. A good agreement between mea-

surement and simulation is achieved.

Figure 8.3: : a) The antenna body b) The protection layer.



8.2 Design and fabrication of the single-band bulb antenna 127

Reflection Coefficient
O— | | | i |

820-1050 MHz =TT

---CST simulation wihtout the sensor
—Measurement without the sensor

2056 0.8 1 12 1.4 : ‘
Frequency (GHz)

Reflection Coefficient
(o] T T T T

Bandwidth from 745-995 MHz

—CST simulation with the sensor
—Measurement with the sensor

-30

_ i i i i
38.7 0.8 0.9 1 1.1 1.2 1.3 1.4
Frequency (GHz)

Reflection Coefficient

—Measurement without the protection layer
---Measurement with the protection layer

1.2

1.4 1.6 1.8 2
Frequency (GHz)

Figure 8.4: The reflection coefficient of the antenna with the sensor, without
the sensor and the effect of the protection layer.
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Figure 8.5: 3D radiation patterns from CST simulation and measurement at
868 MHz.

8.3 Dual-band bulb antenna solution

In order to cover the whole upper and lower GSM bands (900/1800 MHz), a
dual-band antenna is needed. An alternative solution is to add another bulb
antenna to cover the frequency of 1800 MHz on the upper part of the sensor,
then using a combiner/splitter circuit. This solution increases the volume of
the sensor, and consumes extra power to supply both antennas. We propose a
novel design of dual-band bulb antenna which covers both GSM bands. The
idea is to add four round discs on the neck of the bulb, as detailed in Fig. 8.6.
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IR

4 Round discs
over bulb neck

(a)

(b)

Figure 8.6: (a) The sensor with the dual-band antenna (b) four discs dimen-
sions and positions.

The bulb contributes to covering the lower band of 900 MHz, and the in-
teraction between the low-frequency part generator and the four discs con-
tributes in generating the upper band of 1800 MHz.

8.3.1 CST microwave Studio simulation

The CST simulation [59] results provide a sufficient bandwidth for lower and
upper GSM bands, where a lower frequency band from 785-890 MHz and
upper frequency bandwidth from 1.8-1.98 GHz under -10 dB criterion are ob-
tained in terms of reflection coefficient. The reflection coefficient results with
the 3D radiation patterns plots are illustrated in Fig. 8.7.
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Figure 8.7: The reflection coefficient of the dual-band antenna with the radia-
tion patterns at 900 and 1800 MHz, respectively.

There is no space between the four discs, and we found no remarkable
influence on the bandwidth between using one disc or four. The four discs
diameters are: 72, 61.2, 57.6 and 54 mm respectively, with a thickness of 0.5
mm for each one. The influence of using one disc (the largest diameter of 72
mm), four discs and one disc of 2 mm thickness is presented in Fig. 8.8.
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Figure 8.8: The influence of discs on the antenna bandwidth.

The fractional bandwidth obtained for the lower and upper bands are
12.65% and 9.4% respectively. Comparing these results with the state-of-the
art of dual-band dome design [25] shows that our design solution is more effi-
cient and has a larger bandwidth. Also, the feeding technique in our solution
is much simpler than the proposed in [25] and easy to fabricate.

8.4 Conclusion

A bulb antenna has been designed and simulated using the CST Microwave
Studio software for overhead line monitoring systems. The antenna has to
cover the 900 MHz and 1800 MHz GSM bands. The antenna will send data
provided by a sensor developed at the university of Liege to a central server.
As a first step a bulb antenna prototype has been fabricated and measured in
terms of reflection coefficient and radiation patterns to cover the lower GSM
band of 900 MHz. The comparison between simulation and measurements
is very good and a bandwidth between 745 MHz and 995 MHz is obtained
under the -10 dB criterion in terms of reflection coefficient. The 3D measured
radiation pattern shows an omni-directional radiation, which is necessary for
this type of application. The effect of adding an insulating layer and the sensor
geometry has been included on the bulb antenna. The bulb antenna has been
extended to cover the second band, around 1800 MHz. The CST simulation
results show dual bands from 785-890 MHz and from 1.8-1.98 GHz under the
-10 dB criterion in terms of reflection coefficient. The fractional bandwidth
obtained for the lower and upper bands are 12.65% and 9.4% respectively for
antenna diameter of 58s mm.
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Appendix |I:

Auxiliary Radiators

for Exposure

reduction

This project is funded by Région Wallonne to support industrial research tar-
geting the health, longer duration and quality improvement living in a context
of sustainable development. Our contribution in this project, in the section
of optimizing the auxiliary radiators placed in front of 3D metallic antennas
used as base-stations, is to add a degree of freedom to the shape of the radia-
tion patterns of GSM antennas. Antennas with controllable directionality are
one of the promising solutions as they allow higher re-use of channels and in-
creased system performance. The main idea of the project is to optimize a set
of auxiliary radiator loads to modify the radiation patterns.

9.1 Design of the GSM antenna with auxiliary radi-

ators

The Kathrein sector antenna has been represented by two wide dipoles made
of thick squares surrounded by a box and drawn in the CST Microwave Stu-
dio software, as shown in Fig. 9.1. The working frequency is taken as 1800
MHz during the various simulations. The simulations are carried out for £45

polarizations.
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Figure 9.1: The GSM antenna geometry, the reflection coefficient and Radia-

tion pattern at 1800 MHz, respectively.

Table 9.1: Free-space GSM antenna specifications, obtained from CST simula-

tion

Reflection coefficient (dB) || Half-power beam width || Gain(dBi) || Side lobe level(dB)

-18.75 72.2 8.37 -24.1

9.2 The influence of short-circuits auxiliary radiators

A linear array of 70 elements of short-circuited auxiliary radiators is chosen in
simulations. The distance between the GSM antenna and the short-circuited
auxiliary radiators is set to A = 16 cm. The distance between the elements
is set to 20 mm. To add the effect of the prototype developed by Didier Gar-
ray (Sirris), supports and frames of Polyimide are added to simulation with
a relative permittivity (e,) of 3.6, and a loss angle of 0.0027. The reflector di-
mension is chosen as 13x13 cm. The length of auxiliary dipole radiators is set
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Figure 9.2: The effect of adding the auxiliary radiators

as A/2 = 83 mm of the working frequency, with diameters of 1.9 mm.

Table 9.2: GSM antenna specifications after adding the auxiliary radiators,

obtained from CST simulation

Reflection coefficient (dB) || Half-power beam width || Gain(dBi)

Side lobe level(dB)

-17.4 100.7

7.86

-8.7

The data obtained from such a scenario shows the radiation pattern of the

GSM antenna is modified by adding the auxiliary radiators in all main pa-

rameters. Adding the auxiliary radiators does not affect the matching of the

antenna, where the reflection coefficient of below -17.4 dB is sufficient at 1800

MHz (Fig. 9.2) .
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nsulation coating,
vers 8 antennas

Figure 9.3: Kathrein sector antenna with insulation coating

9.3 Measurement of the GSM antenna

Two dimensional measurements of the Kathrein sector antenna have been car-
ried out in the anechoic chamber of the UCL Welcome Platform. Only two
antennas out of ten inner antennas have been used due to the small size of
the anechoic chamber. An insulation coating is covered around the antenna
length as shown in Fig. 9.3. The typical GSM antenna consists mainly of a ver-
tical array of antennas with a large reflector screen at the back to decrease the
side lobe and increase the directivity. It is also possible to use £45 polarization
instead of horizontal and vertical (0/90).

The measurements are carried out for the +45 and -45 polarizations sep-
arately at 1800 MHz. Then, both polarizations +45/-45 are summed up for
vertical reference polarization. Fig.9.4 shows the GSM antenna measurement
setup.

The measurement validation on this step is to prove that adding the auxil-
iary radiators has a remarkable effect on the GSM antenna radiation patterns.
First, 2-D measurements of the Kathrein antenna is made in free-space case
(without adding the auxiliary radiators). Fig. 9.5 shows a very good agree-
ment between measurement and simulation for the free-space case.

Then, a prototype of auxiliary radiators provided by Didier Garray (Sirris)
had been used in the measurement. A linear array of 70 elements of auxiliary
radiators is placed in front of the GSM antenna, as shown in Fig. 9.6. The
distance between the GSM antenna and the short-circuited auxiliary radiators
issetas A =16 cm.

Fig. 9.7 shows a good correspondence between measurement and CST
simulation, where it is clearly modified the radiation patterns obtained from
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Figure 9.5: Comparison of the radiation patterns between CST simulation and
measurement for free-space case at 1800 MHz
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Figure 9.6: GSM antenna with short-circuits auxiliary radiators setup
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Figure 9.7: Comparison of the radiation patterns between the CST simulation
and measurement for short-circuits auxiliary radiators

the free-space case.

It is possible to obtain asymmetrical and titled radiation patterns by shift-
ing the position of auxiliary radiators along X-axis. The degrees of freedom
offered by the auxiliary radiators have been increased by considering the pos-
sibility of changing the terminators, capacitive or inductive, radiators. A novel
approach has been proposed based on the radiation patterns of open termi-
nals. Indeed, the knowledge of these diagrams allows the systematic determi-
nation -without other electromagnetically simulation- optimal loads inserted
to obtain the desired diagram. This procedure has been verified by simulation
and has yet to be applied to radiators planned under the project.
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