THE UNIVERSITY
of EDINBURGH

This thesis has been submitted in fulfilment of the requirements for a

postgraduate degree (e. g. PhD, MPhil, DClinPsychol) at the University of

Edinburgh. Please note the following terms and conditions of use:

This work is protected by copyright and other intellectual property rights,
which are retained by the thesis author, unless otherwise stated.

A copy can be downloaded for personal non-commercial research or
study, without prior permission or charge.

This thesis cannot be reproduced or quoted extensively from without
first obtaining permission in writing from the author.

The content must not be changed in any way or sold commercially in
any format or medium without the formal permission of the author.
When referring to this work, full bibliographic details including the

author, title, awarding institution and date of the thesis must be given.



DEEP LEARNING PROCESSING AND INTERPRETATION
OF GROUND PENETRATING RADAR DATA USING A
NUMERICAL EQUIVALENT OF A REAL GPR
TRANSDUCER

OURANIA PATSIA

Doctor of Philosophy
School of Engineering

The University of Edinburgh

2022



Ourania Patsia: Deep learning processing and interpretation of ground penetrating
radar data using a numerical equivalent of a real GPR transducer, Doctor of
Philosophy, ©2022



YTovg yoveic pov, Mapia kot STa0po
Ymnv adepen pov, Olvuric

Yrov mammoU pov,L'ipyo

The more that you read, the more things you will know. The more that you learn,
the more places you’ll go.

- Dr. Seuss






DECLARATION

I hereby declare that this thesis and the work reported herein was composed and
originated entirely by myself, under the supervision of Dr. Antonios Giannopoulos
in the School of Engineering at The University of Edinburgh.

The following conference publications are as a result of the research conducted
for this thesis, which has not been submitted for any other degree or professional

qualification.

Conferences

o Patsia, O., Giannopoulos, A., Giannakis, I. (2021). “A Deep Learning
framework for Ground Penetrating Radar.” In: Proceedings of the 11th In-
ternational Workshop on Advanced Ground Penetrating Radar (IWAGPR),
Valletta, Malta.

o Patsia, O., Giannopoulos, A., Giannakis, I. (2021). “A digital twin of the
GSSI 2000 MHz palm antenna developed using multi-parametric optimi-

sation.” In: Proceedings of the 11th International Workshop on Advanced
Ground Penetrating Radar (IWAGPR), Valletta, Malta.

 Patsia, O., Giannopoulos, A., Giannakis, I. (2021). “Full Waveform Inversion
of common offset GPR data using a fast deep learning based forward solver.”
In: Proceedings of the 11th International Workshop on Advanced Ground
Penetrating Radar (IWAGPR), Valletta, Malta.

Awards

o Best Young Scientist Award/Oral Presentation. Awarded to the best
paper submitted by a PhD or post-doc in the 11th International Workshop
on Advanced Ground Penetrating Radar 2021.

Edinburgh, 2022

Ourania Patsia






ABSTRACT

Ground-Penetrating Radar (GPR) is a popular non-destructive electromagnetic
(EM) technique that is used in diverse applications across different fields, most
commonly geophysics and civil engineering. One of the most common applications
of GPR is concrete scanning, where it is used to detect structural elements and
support the assessment of its condition. However, in any GPR application, the
data have no resemblance to the characteristics of targets of interest and a means
of extracting information from the data regarding the targets is required.

Interpreting the GPR data, to infer key properties of the subsurface and to
locate the targets is a difficult and challenging task and is highly dependent on
the processing of the data and the experience of the user. Traditional processing
techniques have some drawbacks, which can lead to misinterpretations of the data
in addition to the interpretation being subjective to the user. Machine learning
(ML) has proven its ability to solve a variety of problems and map complex
relationships and in recent years, is becoming an increasingly attractive option
for solving GPR and other EM problems regarding processing and interpretation.
Numerical modelling has been extensively used to understand the EM wave
propagation and assist in the interpretation of GPR responses. If ML is combined
with numerical modelling, efficient solutions to GPR. problems can be acquired.

This research focuses on developing a numerical equivalent of a commercial
GPR transducer and utilising this model to produce realistic synthetic training
data sets for deep learning applications. The numerical model is based on the
high-frequency 2000 MHz “palm” antenna from Geophysical Survey Systems,
Inc. (GSSI). This GPR system is mainly used for concrete scanning, where the
targets are located close to the surface. Unknown antenna parameters were found
using global optimisation by minimising the mismatch between synthetic and
real responses. A very good match was achieved, demonstrating that the model
can accurately replicate the behaviour of the real antenna which was further
validated using a number of laboratory experiments. Real data were acquired
using the GSSI transducer over a sandbox and reinforced concrete slabs and
the same scenarios were replicated in the simulations using the antenna model,
showing excellent agreement.

The developed antenna model was used to generate synthetic data, which
are similar to the true data, for two deep learning applications, trained entirely
using synthetic data. The first deep learning application suggested in the present
thesis is background response and properties prediction. Two coupled neural

networks are trained to predict the background response given as input total
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GPR responses, perform background removal and subsequently use the predicted
background response to predict its dielectric properties. The suggested scheme
not only performs the background removal processing step, but also enables the
velocity calculation of the EM wave propagating in a medium using the predicted
permittivity value. The ML algorithm is evaluated using a number of synthetic
and measured data demonstrating its efficiency and higher accuracy compared
to traditional methods. Predicting a permittivity value per A-scan included in a
B-scan results in a permittivity distribution, which is used along with background
removal to perform reverse-time migration (RTM). The proposed RTM scheme
proved to be superior when compared with the commonly used RTM schemes.
The second application was a deep learning-based forward solver, which is
used as part of a full-waveform inversion (FWI) framework. A neural network
is trained to predict entire B-scans given certain model parameters as input for
reinforced concrete slab scenarios. The network makes predictions in real time,
reducing by orders of magnitude the computational time of FWI, which is usually
coupled with an FDTD forward solver. Therefore, making FWI applicable to
commercial computers without the need of high-performance computing (HPC).
The results clearly illustrate that ML schemes can be implemented to solve GPR
problems and highlight the importance of having a digital representation of a

real transducer in the simulations.
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INTRODUCTION

1.1 MOTIVATION AND AIMS OF THE THESIS

Ground Penetrating Radar (GPR) is a widely used non-destructive geophysical
technique with a broad spectrum of applications, ranging from engineering
and geophysical applications to planetary applications. GPR data are collected
over complex inhomogeneous environments, which can be natural or man-made
with a number of buried objects. These data can vastly vary depending on the
environment conditions encountered in a specific application and require an
experienced user for accurate interpretation. Characterising the environment
along with inferring the location and properties of targets by interpreting the
GPR data is a challenging problem, for which, understanding the behavior of
electromagnetic waves (EM) in materials is needed. To acquire knowledge on EM
wave propagation, numerical modelling is utilised.

Numerical modelling has been used for several years in many disciplines
for modelling real systems and their behavior in order to gain insight on the
characteristics of the real system used in practice, improve a system or develop a
new one and interpret output data among other reasons. A typical GPR simulation
should include a model of the subsurface or material of interest, models of the
targets and an accurate representation of an antenna system. However, most GPR
numerical simulations include simple theoretical sources instead of realistic models
of real transducers, which cannot capture the interactions of the real antenna
with different materials and objects and therefore cannot reproduce accurately
the real responses. Nevertheless, even in cases where an accurate antenna replica
is included in the models, which are used to assist in the interpretation of real
data, the interpretation is still a difficult task and is always relied on some form
of processing, experience and user subjectivity. Therefore, automated ways of
processing and interpreting the data are needed.

The aim of this thesis was to develop a numerical model of a real GPR
transducer and use it to generate training data for machine learning (ML)
applications in order to automate the processing and enhance the interpretation
of the GPR data. This research focuses on ML schemes for civil engineering
applications using a high-frequency GPR. system, but can be applied to other
cases, as well.

The key objectives of the present thesis are summarised as follows:
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 Create an accurate 3D Finite-Difference Time-Domain (FDTD) model of a

widely-used commercial GPR antenna.

e Analysis of the antenna model and validation using data from the real GPR

transducer.

o Generate training sets for machine learning (ML) purposes using the antenna

model in the simulations in order to obtain realistic responses.

e Develop a deep learning scheme that predicts the background response and

its dielectric properties.

e Develop an ML-based forward solver that predicts GPR responses for

reinforced concrete slab scenarios.

o Evaluate the performance of both ML schemes using real data.

1.2 OVERVIEW OF THE THESIS

A brief overview of the basic structure of the thesis is as follows:

Chapter 2: The aim of this chapter is to introduce the basic principles of GPR
and the propagation mechanisms of electromagnetic waves in materials. Data
gathering and processing techniques are also presented along with a description
of the GPR equipment.

Chapter 3: In this chapter, Maxwell’s equation and the FDTD method, which
is commonly used to solve these equation and model GPR responses, are discussed.
Moreover, both dispersion in real world and numerical dispersion in FDTD are
described.

Chapter 4: The development of the numerical model of a commercial GPR
system is described in this chapter. The geometry used and the optimisation
process used to obtain estimates of unknown key properties of the antenna are
presented. In addition, the antenna radiation patterns in different materials are
presented. Validation of the antenna model is performed using real data from
different scenarios.

Chapter 5: A basic background on ML is provided with emphasis given on
deep learning and particularly artificial neural networks (ANNs). The structure
and development of an ANN is described along with an explanation of the
backpropagation algorithm, and the training process of an ANN.

Chapter 6: In this chapter, a deep learning framework is proposed, that
predicts the background response and its dielectric properties. For the training
set, simulations were generated that include the developed model of the real

transducer. The scheme is evaluated with both synthetic and real data. In
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addition, it is used to perform reverse-time migration (RTM) with a permittivity
distribution along a GPR profile.

Chapter 7: An ML-based forward solver is described in this chapter, that is
used to predict GPR responses for reinforced concrete slab scenarios in real time
and generate entire B-scans. The algorithm is validated with both modelled and
real data and is used as part of a full-waveform inversion (FWI) scheme. Further-
more, comparison is made between the suggested scheme and the commonly-used
FDTD solver.

Chapter 8: Finally, this chapter summarises the main findings and provides

suggestions for future work.






PRINCIPLES OF GROUND PENETRATING RADAR

In this chapter, the basic principles of GPR are introduced. First, a brief in-
troduction of the method and its applications is given. The basic principles of
electromagnetic wave propagation, the signal paths and the dielectric properties
of materials are discussed. In addition, the GPR data acquisition process, the

equipment used to acquire the data and key processing methods are described.

2.1 INTRODUCTION

GPR is a non-destructive technique that belongs to the general group of geo-
physical methods. Geophysical techniques (Electrical Resistivity Method, GPR,
Seismic Refraction-Reflection, Potential Field Methods, Magnetic methods etc.)
are used to map the distribution of the subsurface’s physical properties (electrical
resistivity, dielectric properties, elastic wave velocity, density etc.) in order to
obtain information on the nature of the earth materials and buried targets. In
the GPR case, the distribution of the dielectric properties (electric permittivity,
electric conductivity and magnetic permeability) is sought. These properties are
not directly measured but can be obtained through advanced processing of the
GPR data.

The GPR method is an “active” method, meaning that the field which is used,
is created artificially, in contrast to “passive” methods, which utilize existing fields.
GPR uses a transmitting antenna to emit ultra wide-band electromagnetic (EM)
pulses into the ground. When a contrast in the dielectric properties exists in the
subsurface, part of the EM energy is reflected and received by a receiving antenna.
This received signal can be processed and interpreted to obtain information
regarding the structure of the survey area.

GPR is widely used for a diverse range of applications in different disciplines
such as engineering, geology and geophysics. Applications are not limited only
to geological materials, but GPR is also used for man-made materials such as
concrete, asphalt or other construction materials. Depending on the survey, the
depth of penetration, the size, type and properties of targets being sought can
vary, spanning from near-surface surveys for locating small targets, such as in
civil engineering, to geological surveys up to hundreds of meters deep. The most

common GPR applications are the following:
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o Concrete scanning: Location of reinforcing bars (rebars), post-tension
cables, conduits and concrete assessment (Wai-Lok Lai et al., 2018; Kim
et al., 2014; Barrile and Pucinotti, 2005; Gonzalez-Drigo et al., 2008)

e Bridge and road inspection: Find layer thickness and structure assessment
(Alani et al., 2013; Benedetto, 2013; Zhao and Al-Qadi, 2016; Diamanti
and Redman, 2012; Varela-Gonzalez et al., 2014; Solla et al., 2013)

e Buried utilities: Detection of metallic or non-metallic pipes, conduits,
cables and voids (Li et al., 2015; Jaw and Hashim, 2013; Sagnard et al.,
2016)

o Geology and geophysics: Water table mapping, bedrock depth etc. (Benedetto
et al., 2016)

» Military: Detection of unexploded ordnance (Daniels, 2005)
 Forensics: Locate buried evidence (Daniels, 2005)

o Archaeological: Map archaeological features such as buried buildings and

infrastructure (Conyers and Goodman, 1997; Tsokas et al., 1994)
o Ice profiling (Bohleber et al., 2017)
o Mineral exploration (Daniels, 2005)

 Planetary exploration (Pettinelli et al., 2022)

2.2 WAVE PROPAGATION

Although GPR shares the same principles with conventional radars, which are
mostly used to locate larger, above-ground or above-sea level targets with air
as a surrounding material, the ground in which GPR is used affects greatly the
propagation of the transmitted EM pulses. The transmitter sends EM pulses,
that travel into a medium at a certain velocity which is governed by the medium
dielectric properties in contrast to conventional radars, where the waves propagate
with the speed of light (c ~ 3 - 10%m/s). For GPR, permittivity and conductivity
hold the most important role. When there is a contrast in these properties, part of
the EM energy is scattered and/or reflected, while the rest of the energy continues
travelling through the medium. Although the materials that are encountered
with GPR are complex, most of them are non-magnetic, having a permeability
close to free space. If the materials have significant magnetic content, such as in
the presence of magnetite, maghemite or hematite, then the permeability should

be taken into account.
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GPR can be used to investigate lossless dielectrics but most of the materials
encountered are lossy dielectrics. The velocity of the EM wave in a lossy material
is given by Balanis (2012)

u= < (2.1)
ST @R+

where ¢ is the speed of light in free space, u, is the relative permeability, €,
is the relative permittivity, o is the electric conductivity (S/m) and w is the
angular frequency (rad/s). In the case of lossless and non-magnetic material, this

simplifies to

(2.2)

where the velocity is computed using only the permittivity and decreases as the
permittivity is increased. A lossy material has a considerable conductivity, that
introduces losses and attenuates the EM waves as they are travelling through
the medium, dissipating the energy as heat. Therefore, limiting the penetration
depth of EM energy before being absorbed. The attenuation accounts only for
one component of the total path loss encountered by an EM wave propagating
in the ground, as shown in Figure 2.1. The wave travelling outwards into the
medium introduces the spreading losses combined with scattering losses from
small features and reflected energy from the ground surface which further reduce
the energy propagating into the ground. Other contributors are the dielectric
and conduction losses associated with the antenna itself as well as losses due to

impedance mismatches between the elements of the transducer.

2.3 MATERIAL PROPERTIES

The dielectric properties describe the behavior of materials under the influence
of electric and magnetic fields. The term dielectric is used for poor conducting
materials that can be polarised under the influence of an applied electric field
with most materials encountered in the subsurface being described as dielectrics.
A material holding only bound electrical charges is a perfect dielectric but is
never encountered in the subsurface, where all the materials always contain free
charges as well. The materials are characterised by the dielectric properties,
which are the electric permittivity e, the electric conductivity ¢ and the magnetic
permeability .

The electric permittivity is a property of matter which expresses the degree of
polarization experienced by bounded charges in a material under the influence of

an external electric field. Therefore, expressing the amount of electrical energy
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Figure 2.1: GPR signal loss mechanisms (Cassidy, 2008).

that is stored in the material. The permittivity is usually described with respect to
the permittivity of free-space ey = 8.854 x 1072(F'/m) as the relative permittivity
€, given by
€

€ = . (2.3)
which is a dimensionless quantity. The permittivity of materials commonly
investigated by GPR can vary significantly, especially in the presence of water
in the medium. It is actually a complex and frequency dependent quantity with
a real part that represents the storage and an imaginary part that represents
the loss of energy but is usually simplified to a constant static value. Similarly
to permittivity, the magnetic permeability expresses how a material responds
to an applied magnetic field. It is usually represented as a relative magnetic

permeability p, with respect to the free-space permeability g

I
My = % (2.4)
where g = 47 x 1077(H/m). The electric conductivity describes how easily
a material allows electric current to flow through it under the influence of an
applied electric field. It explains the ease at which free electrons move in a medium.
Materials with high conductivity are known as conductors, while materials with
very low conductivity are known as insulators.
The materials that a GPR survey usually comes across are rarely homogeneous
and usually are a combination of different materials with each material represent-

ing a certain fraction of the total volume of the area of interest. Therefore, when



2.4 SIGNAL PATHS

Material €r o (mS/m) u (m/ns)
Air 1 0 0.3
Clay(dry) 920 1-100 0.07-0.21
Clay(wet) 15-40 100-1000 0.05-0.08
Concrete (dry)  4-10 1-10 0.09-0.15
Concrete (wet)  10-20 10-100 0.07-0.09
Fresh water 81 0.1-10 0.03
Fresh water ice ~ 3-4 1 0.15-0.17
Granite (dry) 5-8 0.001-0.00001 0.11-0.13
Granite (wet) 5-15 1-10 0.08-0.13
Limestone (dry)  4-8  0.001-0.0000001  0.11-0.15
Limestone (wet) 6-15 10-100 0.08-0.12
Sand (dry) 4-6 0.001-1 0.12-0.15
Sand (wet) 10-30 0.1-10 0.05-0.09
Sea water 81 4000 0.03
Sea water ice 4-8 10-100 0.11-0.15
Soil (average) 16 5 0.08

Table 2.1: Material properties (Cassidy, 2008).

characterising such a material at a macroscopic level by its dielectric properties,
the bulk properties are used that represent the total volume and not each individ-
ual component. The bulk properties can be thought as a weighted average of the
properties of the materials that synthesise the mixture. Table 2.1 illustrates the

properties of commonly encountered materials, as obtained by Cassidy (2008).

2.4 SIGNAL PATHS

The EM waves emitted by a transmitting antenna travel along a number of paths.
A brief description of the most important paths is given in this section with the
paths illustrated in Figure 2.2.

The direct air wave is the wave that travels directly from the transmitter to
the receiver. The direct ground wave refers to the wave that travels along the
air-ground interface and then reaches the receiver. Both the direct air and direct
ground wave are represented with black arrows in Figure 2.2a. These two waves
usually appear as a single response in the recorded GPR data, the direct wave.

The direct wave is the first signal recorded and is usually the largest in amplitude.

9
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Figure 2.2: Wave propagation and signal paths.



2.5 FREQUENCY OF OPERATION AND RESOLUTION

Figure 2.3: Horizontal and vertical resolution by considering two cylindrical targets
(Adapted by Annan (2005)).

In case the transducers are lifted at a height above ground or the separation
between the transmitter and the receiver is large, the two waves will be recorded
as separate events.

Energy also propagates into the ground and when a target is encountered,
part of the energy is reflected and travels upwards, where it is recorded by the
receiver. The reflected waves from a cylindrical target are illustrated in Figure
2.2b, whereas the two black arrows represent the transmission path from the
transmitter towards the target and the reflection path from the target to the
receiver. In reality, antennas radiate energy in a volume following a 3D pattern
that depends on their type and surroundings as also shown by the “spherical
waves” depicted in the Figure and therefore, there are infinitely many paths that

the waves can propagate.

2.5 FREQUENCY OF OPERATION AND RESOLUTION

GPR operates over a frequency range of approximately ~1 MHz to 5 GHz in the
microwave frequency band of the electromagnetic spectrum. At lower frequencies
the EM fields do not act as waves but become diffusive in character, whereas at
higher frequencies substantial losses limit the penetration. The GPR transducers

are ultra wide-band systems and emit a range of frequencies and not just a single

11
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Figure 2.4: a) Plot of multiple A-scans, b) B-scan formed by the A-scans in a) as an
image.

frequency. This frequency range is called the bandwidth, B and the GPR systems

are usually characterized by the center frequency, f. of this range. Thus, when
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referring to a 1000 MHz GPR transducer, means that the center frequency of
this system is 1000 MHz.

The frequency of the system controls the trade-off between resolution and depth
of penetration. High-frequency antennas have a high resolution, meaning they
can resolve small targets but with the cost of limited penetration depth, while
low-frequency antennas can “see” deeper but with a low resolution. Therefore,
the GPR system that will be used is chosen based on the survey and size of
targets being sought. For a given system, resolution determines the size of targets
that can be detected and how closely two targets can be in order to appear as
two separate events in the received signal. Two pulses from two identical targets
must be separated in time by at least half their pulse width. The pulse width, W,
is defined as the width at half amplitude and is directly related to the bandwidth

as (Annan, 2005)
1 1
W=—=— 2.5
BT 29
Translating this into the spatial domain, for the horizontal resolution, the two

targets must have a separation distance of

udW
2

Al > (2.6)
where d is the depth of the targets, while for the vertical resolution they must be

separated by
w
Ar > UT (2.7)
with both depending on the pulse width and the velocity (Annan, 2005). Consid-
ering two identical cylindrical targets, the horizontal and the vertical resolution

are shown in Figure 2.3.

2.6 DATA COLLECTION

The received GPR signal is a waveform of voltage versus time. This is called an
A-scan or a trace or a wiggle and provides information locally, at the vicinity of
the measurement point. Collecting A-scans at different measurement points along
a line produces a B-scan, which is usually presented as a 2D image in time and
space. Each pixel of this image has a color associated with the magnitude of the
received signal. A visual representation of A-scans and a B-scan is presented in
Figure 2.4, where in a) multiple A-scans are shown and b) illustrates the B-scan
formed by these A-scans as an image. A number of parallel B-scans produces a
3D image in the spatial x,y and time t or depth z coordinates. A time/depth
slice produces a 2D image in the x,y dimensions and at a certain time/depth,

known as a C-scan.

13
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Survey direction

v

c)

Figure 2.5: a) Common offset method (CO), b) Wide Angle Reflection-Refraction method
(WARR) and ¢) Common mid-point method (CMP).

There are three different modes for data collection: the Common Offset
(CO), the Common Mid-Point Reflection (CMP) and the Wide-Angle Reflection-
Refraction (WARR) method. Given that in most GPR systems, the transmitting
and receiving antenna are in the same enclosure, the CO method is the main
choice for most GPR, surveys. CO uses a single transmitter and a receiver at a

fixed separation distance, which are being moved together along the survey line,
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as shown in Figure 2.5a. The CMP method, illustrated in Figure 2.5¢, employs a
transmitter and a receiver having their separation distance gradually increased
about a common mid-point and is mainly used to obtain velocity profiles. WARR
uses a transmitter placed at a fixed location, while a receiver is moved across the
survey line, as illustrated in Figure 2.5b.

In most surveys the data are acquired with the transducers placed directly
on the ground in order to maximize energy going into the ground. However, in
certain cases such as in landmine detection, the transducers have to be raised

off-ground at a certain height from the surface. Furthermore, in case where the

transmitter and the receiver are separate, different orientations can be utilised.

The three most common orientations are displayed in Figure 2.6, which depend
on the polarisation of the transmitting antenna compared to the polarisation of
the receiving antenna and with respect to the survey direction. The polarisation
of an antenna refers to the direction of the E-field, which is the long axis of a
bowtie antenna. In the perpendicular broadside orientation, the antennas are
placed next to each other, with the antenna long axis being perpendicular to the
survey direction, whereas in the parallel broadside orientation, the antenna long
axis is parallel to the scanning direction. In the cross polarised orientation, the
antennas are perpendicular to each other. Each orientation performs better in
detecting responses from certain types of targets, whereas there is no optimal
orientation for equidimensional targets. The most commonly used orientation in

GPR surveys is the perpendicular broadside (Annan, 2005).

2.7 GPR EQUIPMENT

A GPR system usually consists of a transmitter to emit the EM energy, a receiver
to receive EM energy, along with the control and display unit. The transmitter
consists of a source, which is used to generate time varying voltages and an
antenna. Antennas transform the electrical signals running in cables to EM waves
propagating in space and vice versa. The transmitting antenna translates the
excitation electrical signals, which flow on the metallic antenna structure, to EM
waves, while a receiving antenna translates the detected EM waves to electrical
signals. The transmitter and the receiver are usually identical and can be stored
in the same enclosure or as separate units. The antennas are usually, but not
always, placed inside a container, called the shield, which is used in order to
maximise the energy going into the ground and minimise the energy propagating
in the air but also to provide considerable protection from interference. Shielding
is more common to high-frequency antennas, while lower-frequency antennas

usually come with no shielding due to portability issues rising from the large
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Survey Direction

Survey Direction

--->
Survey Direction

c)

Figure 2.6: Antenna orientations: a) Perpendicular Broadside, b) Parallel Broadside and

¢) Cross polarised.

transducer size. Even when an antenna is shielded, a portion of the energy can
still escape into the air.

The majority of the GPR systems operate in the time domain, where a very
short UWB pulse is transmitted. This type of radars are known as impulse. The
shape of the pulse is usually a derivative of a Gaussian pulse characterised by a
given centre frequency. Frequency domain GPR, such as the Stepped Frequency
Carrier Wave (SFCW), have also been developed. A SFCW radar transmits
a series of distinct frequencies one at a time. The data are collected in the
frequency domain and after collection can be combined and converted to time

domain through a Fourier transform.
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Since GPR requires a broadband transmission, bowtie antennas which are
efficient for broadband applications, are the most common antennas used for
GPR. This antenna type, which will be described in more detail at a later chapter,
is more broadband than linear dipoles (Balanis, 2015), when unloaded types of
antennas are compared. While bowties are used for ground-coupled surveys, horn

antennas have also been used for air-coupled applications.

2.8 DATA PROCESSING

To enhance the responses from the targets, remove unwanted noise and clutter
and assist in the interpretation, different approaches have been suggested, most
of which have been originally developed for seismic data Annan (2003); Yilmaz
(2001). In this section, a brief description of the processing methods, that will
be implemented in latter chapters, is presented. In addition, to show visually
the effect of the processes on the GPR data, processing of a B-scan over a single

target, which is shown in Figure 2.7, is performed.

2.8.1 Time zero correction

Time zero is the time when the transmitter starts off the signal transmission.
To make an accurate interpretation of the targets’ depth from the GPR data,
knowledge of the time zero is required. However, due to time delays associated
with the instrumentation, it is not possible to determine the exact time the
transmitter emits (Annan, 2003). Therefore, to compensate for this, a time-
zero correction should be applied to shift the response so that the time-zero
corresponds to the surface reflection.

Choosing the optimal time zero is one of the problems encountered when
processing GPR data and is dependent on the system used and the antenna
separation. Commonly, it is performed by measuring the first break, which is the
time when the receiver starts detecting the direct signal sent by the transmitter
and is detectable in the GPR responses, and then infer time zero by knowing the
separation distance between transmitter and receiver. The first break, the positive
peak, the negative peak, the zero amplitude point between the first positive and
negative peak and the midpoint between the first positive and negative peak of a
response have also been suggested as points for time zero correction (Yelf, 2004).
Even though the first break is used in many cases for time zero correction, it is
different from time zero, except when the transmitter and receiver are at zero
offset. Figure 2.8 shows the B-scan data after performing time zero correction by
shifting to the first break point.
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2.8.2 Background Removal

Background removal is one of the main GPR data processing steps, that is used
to remove the direct air and the direct ground wave, to suppress coherent system
noise or/and remove horizontal events in GPR data. Background reduction is
usually performed by subtracting the mean trace of all the traces in a GPR line

from every trace in the line (Nobes, 1999) as

A(z,1:T) = Az, 1:T) — % iA(i, 1:7) (2.8)
=1

where A is the A-scan, T is the number of time steps and M is the number of
collected A-scans. After time zero correction, mean subtraction was performed,
as shown in Figure 2.9.

A number of variations of the background average subtraction method exist,
including the moving-average background subtraction. In this process, firstly a
window of traces is selected, a weighted average of this window is calculated
and the resultant trace is subsequently removed from the trace in the middle of
the window. Afterwards, this window is shifted by one trace and the process is
repeated until the end of the profile is reached. Therefore, each trace is replaced
by the weighted average trace of itself and its neighbour traces. This method
apart from direct wave removal, can be useful for suppressing localised flat-lying
responses and enhancing other localised responses like hyperbolic responses from
point targets.

Throughout the present thesis, background removal is performed with the goal
of suppressing the direct air and direct ground wave. Frequently in GPR images,
the target signatures are masked by the direct air and ground wave responses,
due to having a stronger signal. Therefore, the background response should be

removed from the total responses in order to enhance other events.

2.8.3 Time-varying gain

As the EM waves get attenuated while they are travelling through the subsurface,
the returned signal from a target is weaker in amplitude compared to the one from
the surface. To compensate for that, time-varying gain can be applied to amplify
the responses arriving later at time in order to make them clearly visible (Annan,
2005). This is a non-linear operation implemented with a function that increases
the amplification with time in order to compensate for the weaker signals. Being a
non-linear function, when applied to data, time-varying gain alters the frequency
content and phase of the and therefore the shape and amplitudes of the responses.

Figure 2.10 illustrates the B-scan image after an exponential gain was applied
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on the data, where by comparison with Figure 2.9, it is obvious that gain has
enhanced significantly the target response.

Being a non-linear process, time-varying gain if applied on data can have a
significant impact on ML. If an ML algorithm is trained on raw data with no
gain and a gained trace is given as an input to test the ML model’s performance,
then the gained input will most likely be misinterpreted as a raw response that
was part of the training set, which is similar to the gained trace but corresponds
to a different earth model or in worst case as a response that follows a different
pattern that then one learned by the ML algorithm. In both cases, the ML
algorithm will predict incorrect and maybe unrealistic results. The same applies
also in case an ML model is trained with gained data and predictions need to be
made on raw responses.

In case an ML model is to be trained using gained responses, the same gain
should be applied to the whole training set. Using different gaining functions for
each GPR trace in a training set will again degrade the ML performance, since
gaining two responses which correspond to different events with a different gain
function each can result in similar responses and therefore resulting in the same
ML output.

Training with raw data has advantages over training with gained data. Each
GPR response, comprised of certain events, requires a different gain function
from other responses with different events, making hard to finding a single gain
function that can satisfy all responses. In addition, apart from enhancing weaker
target responses, gain can also introduce artifacts in the data if applied incorrectly.
Amplitude information and relative amplitudes between events in a response
are preserved when using raw data, whilst by applying gain these are altered.
Furthermore, since with gain a non-linear function is applied on the data, most
likely a more complex ML model will be required to capture the relationship
between input and output training data, meaning that more parameters would

be required resulting in longer computational times.

2.8.4  Frequency filtering

Frequency filtering is the most common signal processing technique, where a
high-pass filter is utilised to attenuate low-frequency components and a low-pass
filter is implemented to remove the high-frequency noise that may be present in
the data. Applying both results in a band-pass filter. Real data always contain
some form of noise, which in some cases might be extensive and thus, frequency

filtering is required. Frequency filtering can be implemented in time domain, such

19



20

PRINCIPLES OF GROUND PENETRATING RADAR

Raw data

Time [ns]
H w

U

0 10 20 30 40 50 60 70
Trace Number

Figure 2.7: Example of a raw GPR B-scan with one target response.

as a moving average smoothing filter but is more commonly implemented in the

frequency domain by a Fourier transform
00 .
Plw) = / F(#)etat (2.9)
—00

where f(t) represents a signal in the time domain, ¢ is time, w is the angular
frequency and i represents the imaginary unit. Undesired frequencies can be
dampen in the frequency domain and the signal can be converted back to time

domain using an inverse Fourier transform

=L / P (w)e (2.10)

T o oo

where f*(t) is the filtered signal in time domain.

2.8.5 Migration

In a typical GPR B-scan image, which is collected with the antenna moving
along a survey direction, a target appears as a hyperbola due to the different

two-way propagation times of the EM wave for each antenna position. While
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Figure 2.8: Time zero correction of GPR data.
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Figure 2.9: GPR data after background removal.
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Figure 2.10: Time varying gain of GPR data.
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Figure 2.12: GPR data after performing hilbert transform.

processing the GPR data, it is common to correct this by transforming the
unfocused B-scan image to a focused one. Migration is an advanced imaging

technique used to transform the GPR image to a form more representative

of the subsurface structure and more easily interpretable to the human eye.

Assuming the EM wave velocity in the medium is known, migration collapses the

hyperbolic responses of targets and places them to their correct spatial location.

The final reconstructed image of the targets will resemble their true geometrical
characteristics. A migrated section of the data is shown in Figure 2.11, where
the hyperbolic response from the target has collapsed to its apex. Migration will

be described at a later chapter.

2.8.6 Hilbert Transform

After migration, a commonly applied processing step is Hilbert transform (HT).

With HT essentially, the envelope of a signal is found, where a wavelet with both

positive and negative parts is converted to a wavelet with only positive values,
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Figure 2.13: A signal plotted in black along with its envelope plotted in red.

which makes the interpretation of the data easier. A complex signal s(t) with

real part a(t) and imaginary part b(t)
s(t) = a(t) + b(t)j (2.11)
has its trace envelope or instantaneous amplitude calculated as
h(t) = y/a?(t) + b3(t) (2.12)

This generates the envelope and removes the signal oscillations. An example
of a signal along with its envelope is illustrated in Figure 2.13. Using HT, the

instantaneous phase and instantaneous frequency are also calculated as

o(t) = atan <Zig) (2.13)

w(t) = (;ﬂ) % (2.14)

The Hilbert transform of the migrated GPR data of Figure 2.11 is shown in
Figure 2.12.



MAXWELL’S EQUATIONS AND THE
FINITE-DIFFERENCE TIME-DOMAIN (FDTD)
METHOD

This chapter introduces Maxwell’s equations, which are a set of laws that govern
the electromagnetic wave propagation. The effect of the material properties on
wave propagation is discussed with emphasis given on dispersive material. The
FDTD method along with Yee’s algorithm are described, which are used to solve
numerically Maxwell’s equations. In addition, numerical errors with focus on
numerical dispersion and stability and absorbing boundary conditions for FDTD

are presented.

3.1 MAXWELL’S EQUATIONS

The electromagnetic wave propagation is governed by a set of four partial
differential equations, that were brought together by physicist and mathematician
James Clerk Maxwell. These equations are a generalisation of Gauss’s law for
magnetic and electric fields, Ampere’s law and Faraday’s law. Maxwell’s equations
can be written either in integral form or more commonly in their differential
form, which is the basis for the derivation of the FDTD method. Here the
macroscopic formulation of Maxwell’s equations is presented, also known as

Maxwell’s equations in matter.

3.1.1 Gauss’s Law for electric fields
Gauss’s law for electric fields states that the electric flux through any closed

surface S is equal to the total electric charge enclosed by this surface. This is

expressed in integral and differential form, respectively, as

#B-%:///pdu:cg (3.1)

vV.-D=p (3.2)

where D is the electric flux density (C'/m?), p is the charge density (C'/m?) and
Q is the total charge (C) surrounded by the closed surface.
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VA 1‘
—— Electric field
—— Magnetic field

Direction of
propagation

Figure 3.1: An electromagnetic wave propagating. The electric field is shown with red,
the magnetic field with green and the direction of propagation lies on the x

axis.

3.1.2  Gauss’s Law for magnetic fields

Gauss’s law for magnetic fields states that magnetic monopoles do not exist;

magnetic charges appear only in pairs. This is expressed in integral form as

#?-%:0 (3.3)

where B is the magnetic flux density (Wb/m?), while its differential form is given
by
V.-B =0 (3.4)

3.1.3 Faraday’s law

Faraday’s law describes how an electromotive force (emf) is induced around a

loop with changes in the magnetic flux through the loop, expressed by

yﬁﬁ-cﬁ:—//aj-ﬁds (3.5)
VXﬁ_—‘f (3.6)
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where E is the electric field (V/m). It is very common to add to Faraday’s law

an equivalent magnetic current density M. (Taflove and Hagness, 2000)

VXE:—%—MC (3.7)
B

where Mg is the magnetic impressed source and ¢* is the magnetic loss (Q2/m).

3.1.4 Ampere’s Law

Ampere’s law states that the line integral of the magnetic field around a closed

loop is equal to the electric current passing through this loop
%ﬁ =1

://7-%%15

=//(z+?c+fd)~ﬁds

://(Z+Uﬁ+83)‘ﬁd8

ot

where I is the electric current intensity (A), H is the magnetic field (A/m) and
7 is the total current density (A/m?). The current density 7 can be divided to
the impressed source electric current density z, the electric conduction current
density jz and the electric displacement current density J_;. The source current
density results from an artificially added into the system source, the conduction
current density accounts for the flow of electrons, while the displacement current
density accounts for the displacement of charges. Using Stoke’s theorem, the

differential form is derived as

oD

%
where o is the conductivity (S/m). Without an external source, this equation

reduces to

VxH=0 +@ (3.10)

Changing electric fields create magnetic fields, which in turn create electric fields
and this continuing succession results in fields propagating through a material.

In open space propagation, the electric field is perpendicular to the magnetic
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field, while both are perpendicular to the direction of propagation as shown in

Figure 3.1, where a propagating EM wave is plotted.

3.2 CONSTITUTIVE EQUATIONS

The constitutive equations are a set of three equations that are used to integrate
the dielectric properties of a given material under influence into Maxwell’s
equations. The three dielectric properties, described previously, are known as

constitutive parameters and are used to derive the constitutive equations as

Il
ol

] (3.11)
+E (3.12)
«H (3.13)

Il
qQll

@~

Il
=l

where * denotes the convolution operator and =~ denotes a tensor quantity. For
many GPR applications, the constitutive parameters are assumed to be scalar

constants and the equations are reduced to

D=cE (3.14)
T =0k (3.15)

B=uH (3.16)

In general, the dielectric properties represent tensor quantities and are a
function homogeneity, isotropy, linearity and dispersivity. Homogeneity describes
how a property varies with different position in a material, with homogeneous
materials having the same property throughout their extent. Isotropy refers to the
situation where the material responds differently with changes in the direction of
the applied field. Linearity describes how one property varies with the strength of
the applied field. Lastly, dispersivity refers to how a dielectric property changes
with frequency. In case the dielectric properties are frequency-independent, the
convolution operations are transformed to multiplications.

To understand how the dielectric properties affect the propagation, the wave

equation for the electric field is derived. Taking the curl of Equation 3.6

o(V x ?)

VXVXE:— 5

(3.17)

and substituting Equation 3.10 and the constitutive relations to the former yields

F  OE
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Using the vector identity V x V x F = V(V - F) — V2F and assuming there is no

free charge in the region (V- E = 0) gives the wave equation for the electric field
#E  OF
F = = 1
\Y4 Heg + po o (3.19)

Assuming a time-harmonic field, the wave equation is given by

V2E —*E =0 (3.20)
which is known as the Helmholtz equation. The constant v is known as the
wavenumber or propagation constant and is a complex value that takes the form

of

vy=a+jp = /jwu(o + jwe) (3.21)
=/ —wue + jwuc (3.22)

The real a and imaginary § parts are the attenuation and phase constant,

respectively. Expanding ~, these can be obtained as

a=w “26( 1+< )2—1) (3.23)
f=uw “26( 1+< >2+1> (3.24)

The attenuation constant is given in Nepers per meter (Np/m), whereas the

T

519

phase constant in rad/m. However, the attenuation constant is often described

in decibels per meter (dB/m) and can be converted as
la(dB/m)| = 8.68|a(Np/m)] (3.25)

The distance the wave needs to travel to reduce its amplitude by a factor of 1/e
is defined as the skin depth ¢

5= - (3.26)

For a time-harmonic wave propagating in the +z-direction, a solution to Equation
3.20 is given as

E(2) = Ege el @t=52) (3.27)
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with a constant phase point of this wave travelling with a velocity of

u =

w
- 3.28
3 (3.28)
which when substituting 3 results in Equation 2.1, as discussed in the previous

chapter.

3.3 THE FINITE-DIFFERENCE TIME-DOMAIN (FDTD) METHOD

To get a better understanding of the GPR responses and acquire information
regarding targets, modelling of responses can be employed. Understanding the
EM wave propagation can enhance the interpretation of GPR data. Modelling
GPR responses in complex realistic media requires the solution of Maxwell’s
equations, which govern the propagation of EM waves. Solving these equations
analytically presents a difficult task and analytical solutions were inferred only
for simple scenarios. Therefore, numerical techniques are implemented to acquire
approximate solutions to Maxwell’s equations. These techniques are referred to
as the EM forward solvers. FDTD is a commonly-used forward solver amongst
the group of numerical methods used for solving Maxwell’s equations. These
methods can be classified into two categories, depending on whether they are
used to solve the differential or integral form of Maxwell’s equations and can
be implemented either in time or frequency domain. The differential equations
solvers include the FDTD, the Finite Element Method (FEM), the Finite-Volume
Time-Domain (FVTD) and the Transmission Line Method (TLM).

FDTD has been widely used to model GPR responses and develop antenna
models, as well. A detailed review of FDTD used to create antenna models will
be given in Chapter 4.

Before describing the FDTD method, an introduction on finite difference is
required. Finite difference approximates a certain function at a point utilising
information around that point. To approximate a function, Taylor series expansion
is used, where the function f(z) is expanded about the point x with Az increment

as

P+ B0) = s+ e+ 4 (38) 1w+ 5 (B2 51 +
(3.29)

-3 = s - @ g (52) 7w - 5 () 1w+
(3.30)
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Figure 3.2: The 3D Yee cell with the electric and magnetic field components.

which are Euler’s forward and backward series, respectively. Subtracting the
second equation from the first and dividing by Az yields

f(a:-l—%)—f(a:—%)

o lez

3! 22

() + . (3.31)

Rearranging this equation produces

8];:') _ f (m + %)A_xf (:1: - %) +O(Az?) (3.32)

where the big O(Ax?) represents the higher-order terms. If Az is sufficiently
small, the derivative can be approximated by discarding the higher-order terms

as

o) I (ot %) —f(=- %)

~
~

ox Ax

(3.33)
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which is the central difference approximation. The big O(Ax?) determines the
order of accuracy of the method, which in this case has a second-order accuracy.
In the limit as Ax goes to zero, the derivative approximation becomes exact.
Using more terms, a higher-order accurate central difference can be constructed.
Apart from the central difference, forward or backward difference can be also

used for approximating the derivative as

o) J(e+%)-1@

or Az (3:34)
of(@) S @) —f (2= )
ox Az (3.35)

The FDTD method was proposed in 1966 by Kane Yee (Yee, 1966), as a
technique to approximate both the spatial and temporal derivatives of the E-field
and the H-field that appear in Maxwell’s equations using finite differences. Yee’s
algorithm solves for both fields, instead of solving for the electric or the magnetic
separately using the wave equation. Therefore, resulting in a more robust solution.
In his original paper, Yee implemented second-order accurate, central difference
approximations. In FDTD, both space and time are discretised in order to solve
for the E-field and the H-field at different time-space points. The 3D space is
discretised in a grid with a number of cubic cells, which is known as the Yee
lattice. The E-field and the H-field are staggered in both space and time. In space,
these are staggered by half a cell as shown by a Yee cell in Figure 3.2, where
an electric component is surrounded by four circulating magnetic components.
Similarly, a magnetic component is surrounded by four electric components.
Plugging the finite differences and rearranging results in the update equations
for the E-field and H-field, which by solving provide the future fields in terms
of the past known fields. The update of these equations is performed using the
leapfrog time-stepping method, where the E-field is updated first at all space
points using the previously calculated H-field and then the H-field components
are updated using the previously calculated E-field. The time is advanced and the

above process is repeated until the fields are obtained for a specified duration.
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Substituting the constitutive equations into Ampere’s and Faraday’s Laws

yields the following six coupled partial differential equations in 3D

OE,
ot
OE,
ot
OE,
ot
OH,
ot
0H,
ot

OH,

ot

OH, 0H,
< oy 0z
OH, O0OH,
< 9z  Ox
0H, O0H,
(ax .
oFE, OF,
(z Oy
OE, OF,
< or 0z
0E, O0E,
< dy - oz

— Jsz — GEx)
— Jsy aEy)
Js, — ok,
Mg, O'*Hl«)
- Mgy — O'*Hy)
— Mg, — O'*HZ>

(3.36)
(3.37)
(3.38)
(3.39)
(3.40)

(3.41)

For simplicity, the update equations in 2D will be derived assuming there are

also no magnetic losses or magnetic impressed sources. In 2D, two modes exist,

the transverse magnetic (TM) and the transverse electric (TE) mode which are

decoupled, meaning that their equations contain no common field components

and thus, can be set up as two different problems. To demonstrate how the

update equations are derived, Maxwell’s equation for T'M#* mode are used, in

which it is assumed that no variation exists in the z-direction with the structure

being modelled extending to infinity

OH, 10K,

ot Oy

OH, 10E,

ot u Ox

O£, 1 (0H, O0H,

ot € ( Ox oy oBs JZ)

(3.42)
(3.43)

(3.44)

Using a second order central difference, the following update equation is derived

for E,

q

H, — H
5 q—1/2 At( Yliv1/2,4 Yic1/2,4
2 T —
7,7 € Az
q q
ij+1/2 ij—1/2
Ay
q
z’-]

(3.45)
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where Ax, Ay, Az are the spatial increments and At is the time step. A problem
with this equation is that the right hand side requires for £, term in the conduction
current to be evaluated at time q, which does not exist in the FDTD grid as the
values of E, are only computed at q+1/2 multiples of At. To approximate the
correct field value, the values at (¢ + 1/2)At and (¢ — 1/2)At are averaged as

q+1/2 q-1/2

= LI (3.46)

This is known as the a semi-implicit approximation (Taflove and Hagness, 2000).
Substituting this equation to equation (3.45) yields the final update equation for
E,

q

H —H
) q+1/2 _ 1-— UQAJ ) q—1/2 n % Ylit1/2,4 Ylic1/2,5
irj 142t lig 14 24t Az
i, |’
12 “lij-1/2
Ay
q
—J| ) (3.47)
1,
which can be written also as
I q q
q+1/2 q—1/2 Y. YL .
z|. . = aEz . + Cb< l+1/2,JA i1/2
,J ,J z
o, |’
“lijr1/2 lij-1/2
Ay
q
. ) (3.48)
7/7‘7
1 _ 0'2At
Cp = —=5 (3.49)
At
1 + 0.26
At
1 + U2€

The arrangement of the electric and magnetic field components in the TMz
mode for a single 2D Yee cell is presented in Figure 3.3, whereas the leapfrog
scheme for time marching on a TMz grid is illustrated in Figure 3.4. The Figure
shows the electric field F, component, represented with red circles, at times steps

t = q+1/2, q+3/2, which is circulated by the magnetic field components half a
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Figure 3.3: Arrangement of electric and magnetic field components for 2D TMz mode.

time step and half a space step away. The H, is shown with a green circle and
the H, component with a blue circle at time steps t = q, q+1, q+2. In 2D, the

following notation

! = B.(iAz, jAy, gAt) = EX(i,j) (3.51)
]

E.

represents the electric field at time-space point at grid position iAx, jAy, kAz
and time step nAt. Similarly for 3D

q
b
i.jk

= E.(iAx, jAy, kAz, qAt) = E1(i, j, k) (3.52)

Figure 3.5 shows the same arrangement for the TMz model in the way it is
implemented by a computer program, where the coordinates have changed to
indices. Although H,[i, j], H,[i, j] have the same indices as E.[i, j], they actually
represent the magnetic field components existing on the left of E,[i, j] in the y and
x direction, respectively. The reason for virtually using the same indices is that
nodes are stored in the form of arrays in a computer, where the array elements

are accessed with integer indices. The magnetic and electric field components are
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Figure 3.4: Leapfrog scheme for the electric and magnetic field components for TMz
mode.

updated at the same iteration, the one after the other. In the same manner, the

update equations for the magnetic components are obtained

q+1/2 q+1/2

q+1 q At i Py 1
_ ftd J LIt 3.53
ogrrz gy T 1 ( Ay (3.53)

5 a+1/2 5 a+1/2

g+1 q At (Tl TRy

- H = J 2 3.54
Yivrag = iy T a < Ay (3.54)

The parameters €, o, i and oy, are defined at the point with (i,j) spatial coordinates
as € = €j, 0 = 044, = flij, 0" = o} ;. Therefore, different materials can be
incorporated in the grid by assigning different values of these parameters in the

grid at their corresponding locations.
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Figure 3.5: Electric and magnetic field components for TMz mode as specified in a

computer program.

From the equations presented above, it is evident that when the electric field
is updated at time step ¢At, the magnetic field components are updated at (q +
1/2)At half a time step away. These equations illustrate that the method provides
an explicit solution of Maxwell’s equation, where the fields are updated using
previously known quantities without requiring to solve equations simultaneously.
The scheme for deriving the update equations can be expanded to 3D to obtain
the full 3D FDTD update equations (see Appendix A).

3.4 DISPERSIVE MATERIALS

As mentioned earlier, the constitutive parameters of materials are tensor quantities
and affected by a number of factors. However, in many problems, it is assumed

that the material properties are constant scalar quantities. Having a constant
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scalar permittivity means that the change in polarisation under the influence of
an applied field happens instantly and in perfect proportion with the field. It is
also assumed that the permittivity does not change with frequency, direction,
position or field strength. However all these assumptions are not true in reality
and should be made only in cases where the dependence is small and the effect on
the properties insignificant. Most materials that are encountered with GPR can
be assumed to be linear and isotropic, since negligible changes in the properties
are observed with changes in the direction and strength of the applied field
and therefore the constitutive parameters reduce to scalars. Many materials
investigated are assumed to be homogeneous as well but that is not always the
case, especially in soils. However, for most materials, properties depend and
change with frequency, especially with increasing frequency. These materials are
characterised as dispersive and the dispersion effect cannot be neglected. This
dispersion is a real phenomenon observed in materials and is different from the
numerical dispersion discussed at a later section, which is a numerical artifact.
According to Taflove and Hagness (2000), there are four types of materials at a
macroscopic level based on their behaviour with changing frequency and field

strength:

1. Linear materials: Their dielectric properties do not change with frequency
of field amplitude.

2. Linear dispersive materials: These are frequency-dependent materials.

3. Non-linear materials: Their dielectric properties do not change with respect

to frequency, but only with changes in the amplitude of the field.

4. Non-linear dispersive materials: These are materials which change their

behavior with both frequency and field amplitude.

The linear dispersive type of materials is of most interest for GPR applications.
Dispersive behaviour of materials investigated by GPR is usually related to the
water content of the materials. Although a dry material might not exhibit a
dispersive character at GPR frequencies, adding water will lead to a frequency
dependent behaviour. A number of permittivity and loss measurements made
by Von Hippel (1954) on soils with different water contents showed that the
soils were demonstrating dispersive behavior, which was undoubtedly due to
the dielectric relaxation of water contained in the soils. Similar measurements
were taken by Campbell and Ulrichs (1969) on dry rocks and minerals at two
frequencies, 450 MHz and 35 GHz, showed that dry materials have do not exhibit
dispersive behavior. The above among other studies demonstrate the effect of
the water on materials’ behaviour.

Different equations exist that capture the behaviour of the linear dispersive

materials with the most popular being the Debye, Lorentz, Havriliak-Negami,
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Drude and the Jonsher equation. Here only the Debye relaxation is described,
which is used throughout the thesis. The Debye model (Debye, 1929) is used
to describe the dispersive behaviour of many different materials and especially
water. To understand the Debye model , first the electric displacement field or

electric flux is presented in a time-harmonic form as

D(w) = é(w)E(w) (3.55)
= eoB(w) + P(w) (3.56)

while in time-domain this multiplication is equivalent to convolution, as shown
earlier. The polarisation vector P takes into account the displacement of the
bound charges in a material. The permittivity and conductivity of dispersive

materials are complex quantities, which in frequency domain are given by

& (w) = en(w) — jer (w) (3.57)
(w) (3.58)

/

6(w) =0 (w)—jo

where e; (w), o is the real parts and e;:, o are the imaginary parts of the permit-
tivity and the conductivity, respectively. In a Debye model, the real part of the
complex permittivity, which reflects the ability of the material to store electric

energy, is given by
’ AE
e (W) = €00 + 1+ w272

whereas the imaginary part that accounts for the losses due to relaxation is

(3.59)

written as A
" WTAE
= T wie (3.60)
with the total equation for the complex relative permittivity given as
R Ae . wTAc
ér(w) = oo + 1+w2r2 /7 + w272 (3.61)
Ae
= —_— 3.62
oo 14 jwr ( )
= €00 + Re (3.63)

where Ae = €5 — € is the difference between the real part of the relative
permittivity at zero frequency € (static, low frequency permittivity) and at
infinite frequency €y, (high frequency permittivity) and 7 is the relaxation

frequency. The term X.(w) is known as the electric susceptibility function and
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represents the dispersive part of the relative permittivity. Taking the inverse

transform of X.(w), its time domain form is obtained

1 R i
Xe(t) = 277/ Xe(w)e’ ! dw (3.64)
A
- 766—5 (3.65)

which is used by the time-domain solvers. From the relaxation time, the relaxation

frequency can be obtained as )

- 2rT

Jo

which is the frequency at which the imaginary part of the relative permittivity is

(3.66)

at its maximum value. To consider explicitly the losses due to conductivity, a

conductive term is added to the Debye model yielding

Ae 6pC

ér(w) = €00 + (3.67)

— + -
1+ jwr  jweo
where op¢ is the dc conductivity. This model is known as the extended Debye
model. The Debye model described uses a single Debye pole. For some problems,
one Debye pole might not be sufficient to capture the dispersive properties of a

material and therefore multi-Debye model is used

oA

€; g
€=¢€ ; +
w+;1+]wt0’i

3.68
e (3.68)

where P represents the number of poles used. The behaviour of water is usually
represented using a single Debye pole. The real and imaginary parts of the
Debye equation for pure water are shown in Figure 3.6. It is evident that for
the frequencies that GPR operates in, the real part of the permittivity is almost
constant, whereas the imaginary part increases with frequency. The relaxation
frequency, for which the imaginary part for pure water reaches the maximum

value, is also highlighted in the graph.

3.5 NUMERICAL ERRORS

As with any numerical analysis method, a number of errors are introduced in
the solution of an FDTD solver, which should always be taken into account
before running an FDTD simulation. Numerical errors are a consequence of the
inherent discrete approximations in numerical algorithms executed in a computer
to simulate real world continuous problems. In this section, the sources of errors
in FDTD are discussed.
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Figure 3.6: Real and imaginary part of a Debye model for pure water.

3.5.1 Round-off error

Every computer hardware has a finite amount of bits that it can use to store a
number, which is determined by its precision. The system’s precision determines
which is the smallest and the greatest number that a computer can store and
also the number of digits that can be used to represent a number. The difference
between the exact number and the finite-precision, rounded number represented
by a computer is called a round-off error. The round-off error is a characteristic
of a certain computer hardware and will be different for different hardware. With
increasingly more calculations performed between numbers, the round-off errors

get accumulated, and therefore increase the total round-off error in the solution.

3.5.2 Truncation error

Truncation error is the difference between the true solution to the analytical
equation and the solution obtained by the numerical FDTD approximation. The
truncation error is associated with the order of the method used. The most
commonly used FDTD solver is a second-order central-difference scheme, where
the error is in the order of the squared step size O(Az?). This means that the

truncation error is affected by the step size used and by decreasing the step size,

41



42

MAXWELL’S EQUATIONS AND THE FINITE-DIFFERENCE TIME-DOMAIN (FDTD) METHOD

the error is reduced. A greater accuracy is also achieved by using more terms in

the approximation resulting in a higher-order scheme.

3.5.3 Staircasing error

The FDTD lattice is based on a uniform rectangular grid. The staircase error
arises when a target’s interface does not align with the one of the discrete grid.
In this case, the target will be modelled with a staircased approximation of its
true boundary. For PEC surfaces, this results in delays in the propagating waves
as shown by Cangellaris and Wright (1991). The use of an unstructured mesh,
although not easy to implement in FDTD, or the use of a finer grid, which will
require more computational resources are possible solutions for reducing the

staircasing effect.

3.5.4 Numerical dispersion and stability

The most important source of error in FDTD is the numerical dispersion. In the
previous chapter, the dispersion phenomenon of materials in the continuous world
was described. However, numerical dispersion also exists, which is a non-physical
dispersion that arises from numerical errors in an FDTD scheme. The numerical
dispersion equation in FDTD is found by assuming plane wave solutions in the

frequency domain

E, = Eyel(wabt=kAa) (3.69)
H, = Hyel(wadt=kAw) (3.70)

where k is the numerical wavenumber, which is different from the true wavenumber.

Substituting these equations to the discretised Faraday’s law equation yields

2 A : 2 EA:\
jMKt sin <w2t) e_]”A’“/ZHy = —jA— sin <l€2> e Iwha2 (3.71)

Cancelling terms and rearranging gives

Hy  pA,sin(t)
Ho At sin(

(3.72)

Similarly for Ampere’s law, an equation of the ratio of the electric and magnetic
field is obtained

I

@ - Ay Sin( %T)

Hy €Ay sin(2de)

(3.73)
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Equating equations 3.72 and 3.73 yields
A A? kA
sin? (u}2t> = CQA—é sin? < 2x> (3.74)
A A kA
sin (w2t> = cA—i sin ( 5 x) (3.75)
which is the 1D numerical dispersion equation. Extending to 3D

.QUJAt_QQL.QIN%Ax i.z ];;yAy i.zfﬁzAz
sin (2 )—c Aj [A%sm ( 5 —i—A%sm 5 —i—Agsm 5

(3.76)

Therefore, it is possible to have numerical instability in FDTD, which is the
case where the results of an explicit numerical solver spuriously increase as
time advances. The choice of the spatial discretisation steps Az, Ay, Az and the
time step At affect the propagation velocity of the numerical EM waves and
consequently the numerical error and thus, they cannot be chosen independently.
To guarantee numerical stability, At must be bounded by the Courant-Friedichs-
Lewy (CFL) condition, given in 3D by

At < ‘ (3.77)

Vs +mp + 52)

The CFL condition simply states that the maximum acceptable time step in
order to ensure stability is governed by the choice of the spatial discretisation
step. Physically, this means that the numerical wave cannot propagate more than

a single cell per time step in any direction. In 2D, this equation becomes

A P — (3.78)

(x5 + m)

and similarly in 1D

At< —S (3.79)

(a72)

An example of numerical dispersion in 1D is presented in Figure 3.7 based
on Schneider (2010). The left plot in the Figure represents a Gaussian wavelet
propagating with a discretisation of 20 points per wavelength, N, = 20 and
Courant number S, = 1, where the Courant number is defined as the ratio

cAt
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Figure 3.7: Example of electric field propagating with different Courant numbers and
discretisations: a) S, =1, N, = 20 and b) S, = 0.9, N,, = 10.

In 1D, the numerical dispersion error is reduced with increasing S., with S, =1
being the largest possible value. When S, is equal to unity, there is no numerical
dispersion and the resulting time step is referred to as the magic time step.
Therefore, there is no numerical dispersion in Figure 3.7a. In contrast, on the
right plot with N, = 10 and S, = 0.9 there is numerical dispersion as shown by
the trailing edge of the wavelet.

3.6 ABSORBING BOUNDARY CONDITIONS

Although the subsurface that the EM waves travel into can be considered of
infinite extent where the waves travel at great distances until full absorption
takes place, the FDTD method requires for Maxwell’s equations to be solved in
a discretised and of limited size domain. Therefore, certain boundary conditions,
called absorbing boundary conditions (ABCs) are required to truncate artificially
the computational domain and make it appear as if the FDTD simulation was
performed in an infinite extent domain. The simplest method is to set a zero field
value at the boundaries by assuming a PEC or a PMC. However, truncating the
domain this way, results in unwanted reflections from the boundaries travelling
back to the computational domain, which do not naturally occur in the real open
space. One way to handle this problem would be to increase the domain size
in order for the unwanted boundary reflections to be delayed and not captured
within the specified window. However, a large domain size requires substantial
computational resources, making this solution inefficient. Analytical absorbing
boundary conditions have been suggested for truncating the domain by Mur
(1981); Liao et al. (1984); Higdon (1986). The analytical solutions try to predict

the fields at the boundaries utilising the field values from the main grid.
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Figure 3.8: Illustration of a PML in 2D with thickness of 3 cells.

The perfectly matched layer (PML) ABC, introduced by Berenger (1994),
is currently the most efficient technique for truncating the domain. The PML
introduces a non-physical anisotropic lossy material that surrounds the computa-
tional domain and is used to absorb the fields incoming to the boundaries. In the
direction tangential to the interface between the PML and non-PML region there
is no loss, whereas in the direction normal to the interface there is. In his initial
implementation, known as split-field PML, Bérenger split each field component
into two parts in order to terminate the reflections at the interface between a PML
and non-PML region. Around the same time, another approach was suggested
by Chew and Weedon (1994) which uses complex coordinate-stretching method
along the three cartesian coordinate axis and is considered the most efficient
approach for implementing PML. A third approach for employing PML is the
uniaxial perfectly matched layer (UPML), which was proposed by Gedney (1996)
and is based on a lossy uniaxial medium. Compared to Bérenger’s implementation,
UPML is based on Maxwell’s equations and not a modified set of equations.

A limitation of the above formulations of PML was that they were not able to
absorb efficiently evanescent waves. Kuzuoglu and Mittra (1996) introduced the
complex frequency shifted PML (CFS-PML), which proved to be more effective

in reducing the reflections of evanescent waves (Tong et al., 1999) and also the
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late time reflections (Abarbanel et al., 2002). An efficient way of implementing
CFS-PML was presented by Roden and Gedney (2000), which is based on a
complex coordinate-stretching function and a recursive convolution approach
approach, and is known as the convolutional perfectly matched layer (CPML).
An different implementation of a CFS-PML was proposed by Drossaert and
Giannopoulos (2007) for FDTD modelling of elastic waves, which is based on
a recursive integration approach. This method is an unsplit implementation,
in contrast with conventional split-field PML, and is referred to as recursive
integration PML (RPML). The RPML approach was tuned to electromagnetic
waves by Giannopoulos (2008), where also a comparison with the CPML was
given.

PMLs with different thicknesses (number of cells) can be used, where increasing
thickness leads to a better performance but this means that the main grid gets
smaller or a larger domain is required which will require more computational
resources. An example of a PML along with the main grid in 2D is shown in Figure
3.8, for a PML with a thickness of 3 cells. Furthermore, using a product of different
individual stretching functions results in a higher order PML (Giannopoulos,
2012), while the summation of stretching functions lead to the multipole perfectly
matched layer (MPML) (Giannopoulos, 2018).

Throughout this work, the PML presented in Giannopoulos (2012) is used to
truncate the FDTD computational domain for all models. The geometry and all
of the simulations that were used throughout this thesis were conducted using
gprMax (Giannopoulos, 2005; Warren et al., 2016), an open-source FDTD solver
for electromagnetic (EM) wave propagation that is tuned for GPR applications.

The PML presented in Giannopoulos (2012) is also embedded into gprMax.

3.7 SCALE OF THINGS AND SUBGRIDDING

The choice of the spatial and temporal discretisation steps in an FDTD grid is
very important. The smaller the steps used, the closer the FDTD model can
represent the real problem. Finer grids decrease the overall numerical errors of
the method but increase significantly the overall computational requirements
and result in longer execution times. Coarser grids require less computational
resources but come with a cost in resolution in addition to introducing numerical
errors in the FDTD responses. Consequently, the discretization step chosen for a
specific model should balance between accuracy and efficiency.

The spatial discretisation step in a model is usually dictated by the smallest
feature that is included in the model. The smaller the feature, the finer will be
the grid required to adequately model this feature. Furthermore, the near-field

requires a finer resolution than the far-field because it has higher spatial variability
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compared to the far-field. In addition, as mentioned previously, finer grids can
minimise errors caused by staircased approximations of feature boundaries. A

model usually consists of many different parts (e.g layers, targets) some of which

can be accurately resolved using a coarse grid, whereas others require a finer grid.

Using a uniform small spatial step to calculate the FDTD solution for the whole
model leads to longer computational times. Instead, subgridding techniques have
been devised, where smaller grids with a finer spatial step are introduced into a
coarser grid, with the subgrids being placed in parts of the FDTD model, that
require a finer mesh to be resolved. Since a subgrid has a different spatial step
from the main grid, it needs to have its own time step, which will be different
from the time step of the main grid, since the subgrid and the main grid need to
satisfy a different stability condition. Another challenging issue that subgridding
faces is the treatment of the interface between the main grid and the sub-grid,
which is typically handled using interpolation methods to interpolate the EM
fields that exist in the vicinity of the interface (Kim and Hoefer, 1990; Zivanovic
et al., 1991; Prescott and Shuley, 1992).
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DEVELOPING A NUMERICAL MODEL OF A REAL
GPR TRANSDUCER

In this chapter, the development, optimisation and validation of a digital equiva-
lent of a true commercial GPR system is presented. A grid convergence analysis
is performed and the antenna radiation patterns are given. Finally different units
from the same transducer are modelled and comparison is made between the two.
Before describing the antenna modelling process, a review on antenna modelling

is provided.

4.1 REVIEW OF ANTENNA MODELLING

A typical GPR case study consists of the background medium, the targets and the
antenna system itself. Therefore, accurate representations of these components
should be included in the simulations. Even though the transducer plays an
important part, nonetheless, it is a common practice amongst GPR, practitioners
to use a theoretical source in most GPR models instead of an accurate digital
representation of the actual GPR system. The use of simplistic theoretical sources
, such as infinitesimal dipoles, is helpful for simulations that reproduce overall
patterns in GPR scans or for investigating the far-field of the antenna but the
resulting A-Scans using such simple sources differs significantly in a number of
key aspects from what is being observed in the real GPR measurements.

Until the early 2000s, most of the antenna models used in the simulations were
either theoretical sources, simple or custom-built antennas. Simple theoretical
antennas, such as monopoles and dipoles, correspond to a well-defined theoretical
EM problem that has been extensively analysed (Balanis, 2015; King, 1956). The
FDTD method was also used to analyze a cylindrical and a conical monopole by
Maloney et al. (1990) where the antennas were driven through an image plane
from a coaxial transmission line. The modelled FDTD results showed a very
good agreement with experimental measured data. A 2-D FDTD modelling with
a theoretical source was used in Oristaglio and Hohmann (1984) to simulate
transient electromagnetic (TEM) surveys. A hybrid method was presented by
Monorchio et al. (2004) that utilises FDTD, FE and MoM methods to model
thin-wire antennas used to investigate inhomogeneous dielectric targets with
arbitrary shapes. Each technique was used to model different parts of the problem,

while some late-time instabilities of the scheme were acknowledged.
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Many researchers have developed and numerically modelled simple custom-
made antennas. Shlager et al. (1994) used FDTD modelling to optimise a bow-tie
antenna and improve its radiation. The 3D structure was attached to a 1D
transmission line feed and used a differentiated Gaussian pulse as an excitation.
Continuous resistive loading was used to optimise the bow-tie antenna. A custom-
built antenna was created based on the optimised design and its measurements
showed a good agreement with the FDTD results. FDTD was also employed
by Lestari et al. (2004) to assist in the designing of a circular-end bow-tie
GPR antenna with improved radiation efficiency. Similarly, loading is used for
higher efficiency with a combination of a constant resistive loading and a linearly
increasing capacitive loading is used. An FDTD model of s spiral GPR antenna
system was developed by McFadden and Scott (2009) and compared with a
prototype system. The transmitter and the receiver of the system included
an Eccosorb AN-79 RF absorber, where a Debye model was fitted to acquire
its dielectric properties and approximate its behavior in the simulations. The
FDTD results were compared with the measured to determine the best-fit Debye
model. The FDTD responses for free space, a half-space and over a known-target
corresponded well to the real signals. Following the work presented in Lestari et al.
(2004), Lestari et al. (2010) optimised a wire-structured loaded bow-tie antenna
to exhibit higher amplitude and lower level of late-time ringing. A numerical
equivalent of the antenna was developed and was shown that the computed
transmitted waveform matches the measured one. In addition, the analytical
expression which approximates the time-harmonic current distribution of the
proposed antenna is derived.

The first fully 3D FDTD realistic representation of a one-third size scale model
of an actual GPR system was presented by Bourgeois and Smith (1996). The model
included resistively loaded bowtie transmitting and receiving antennas shielded
in a metallic case. Feeding of the antennas was implemented using parallel-wire
transmission lines. Synthetic responses were compared with measurements for
signals from different types of buried pipes, showing an agreement between the
two. The authors acknowledged that their results are valid only for the early
times, since a perfect electric conductor (PEC) wall was used to truncate the
domain, which introduced unwanted reflections in the data. Roberts and Daniels
(1997) used 3D FDTD to approximate coaxial cables and a GPR antenna. The
feed was modelled as two square coaxial cables and the antenna model was a
300 MHz unshielded bowtie antenna. The radiation patterns of this antenna
model were compared with measured data from Wenskink et al. (1990) above
water and from Wenskink et al. (1991), where pipes of different composition were
submerged in water. The results showed some agreement, however no comparison

of amplitude data was made.
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A similar antenna model to Bourgeois and Smith (1996) was analysed by
Nishioka et al. (1999) which used FDTD to investigate the characteristics of the
system. In this case, the inner walls of the rectangular metallic cavities were coated
with a frequency dependent ferrite absorber and Berenger’s perfectly matched
layer (PML) was implemented to truncate the computational space. Lampe
and Holliger (2001) employed 3D FDTD with a general perfectly matched layer
GPML to numerically model a similar antenna system. The algorithm allows also
for the use of subgrids. The input impedance of the synthetic data was compared
with laboratory measurements of corresponding antennas, demonstrating a high
level of agreement. Furthermore, the antenna radiation patterns for lossless and

lossy half-spaces were provided for both shielded and unshielded antenna cases.

This antenna model was further improved by Holliger et al. (2003), Lampe et al.

(2003), where damping was introduced not only using resistive loading but also
with the use of absorbing material in the cavity. However, the simulated results
were not compared with responses from an equivalent real system.

Lambot et al. (2003, 2004) proposed a SFCW system with a TEM horn
antenna tuned to be used for off-ground applications in monostatic mode, which
was designed using a vector network analyzer (VNA). Forward modelling was
performed based on linear system transfer functions and the exact solution of the
3D Maxwell’s equations in a medium composed of arbitrary number of different
horizontal homogeneous layers. Measurements and simulations were compared in

air and above a metal sheet, validating the model.

An UWB horn-fed bowtie antenna was modelled and designed by Lee et al.

(2004), where modelling was used to optimise certain antenna parameters and

validate the performance of the antenna design. The model includes realistic

features such as feeding cables, dielectric loading and tapered resistive loading.

The effects of the ground properties in impedance were investigated, since the
antenna is designed for GPR applications. A 3D FDTD simulation, which included
a realistic representation of an antenna system was described by Uduwawala
et al. (2005). The transmitter and the receiver were enclosed in rectangular
conducting cavities and two lump resistors were connected at each the ends
of each bow-tie arm. Simulations were performed for two realistic soil types,
lossy and dispersive using a Debye model, however the FDTD results were not
compared with responses from a real system. Chen and Liu (2010) modelled
and developed an experimental 900 MHz antenna system. Edge cutting bow-tie
antennas were enclosed in a metallic case with absorbing material inserted in the
back-cavity. Measured data using the real system were provided but they have
not been not compared with simulated data.

Over the last years, more sophisticated antenna models have been developed

due to the advancements of algorithms and computers that made it possible and
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reduced the overall computational times. In order to understand how the electro-
magnetic waves propagate in materials of interest using numerical modelling, a
model of a real GPR transducer, that is used in practice, must be included in
the simulations. Modelling of a commercial GPR transducer was first attempted
by Klysz et al. (2006), where a 3D FDTD simplified model of the GSSI 1.5 GHz
antenna was developed. The model consists of the transmitter antenna only and
does not include the receiver. In order to create the model comparisons between
synthetic and measured responses were made in free space at four points around
the transducer. Values for the dielectric layers in the cavities of the box and
the resistance of the voltage source at the feed point were determined through
trial-and-error. Two concrete slabs of different water content were used to validate
the antenna model. Comparing the results showed that both the free space and
the concrete slab real responses were approximated with a good accuracy by the
synthetic responses.

Warren and Giannopoulos (2011) developed 3D FDTD models of two commer-
cial antennas, based on a 1.2 GHz antenna from MALA Geoscience and a 1.5 GHz
antenna from GSSI. The geometrical features of the transducers were considered
known, while values for the unknown properties of the materials in the trans-
ducers were obtained using Taguchi’s optimisation method. A Gaussian-shaped
pulse was used an an excitation. To evaluate the performance of the optimisation
and update the parameters of interest, the error between the synthetic and the
real free space response was used as a criterion. The optimisation resulted in a
good agreement between the modelled and the real responses, while a series of
oil-in-water emulsions were used to further validate the models resulting again
in a good match. In Giannakis et al. (2019a) the model of the GSSI 1.5 GHz
was further improved using a linear/non-linear full-waveform inversion (FWI)
scheme, which updates simultaneously the dielectric properties of the antenna
elements and in addition, derives an optimised excitation pulse. This optimised
pulse can be regarded as a correction term that accounts for the features that
could not be modelled, either due to lack of information, such as the unknown
true excitation pulse, or due to general limitations of the scheme. Two different
complex scenarios were used to assess the accuracy of the scheme, showing that
the model was able to replicate the behaviour of the real transducer successfully.

An antenna model based on a 400 MHz GPR transducer from GSSI is presented
in Stadler and Igel (2018). The system consists of shielded bowtie antennas,
where estimates of unknown key antenna properties obtained using Taguchi’s
optimisation. In this study, GPR waves were guided in boreholes, where the
antenna system was located next to a borehole with a metallic cylinder inserted

inside.



4.2 ANTENNA THEORY

4.2 ANTENNA THEORY

The basic elements of a GPR transducer is the antenna. Dipoles and monopoles

are the simplest types of antennas, which belong to the category of wire antennas.

A dipole antenna has two symmetrical radiating arms, which are linear metallic
wires or rods with a feed point at the center. A monopole antenna has a single
radiating arm and is most often used above a ground plane. Figure 4.1 illustrates
examples of dipole and monopole antennas. An infinitesimal dipole or hertzian
dipole is a theoretical dipole whose length is far less than the wavelength (L << \),
so that is is assumed that the current I is constant along its length. For the
infinitesimal dipole, the radiation is maximum in the x-y plane normal to the
dipole axis and zero for directions along the length of the dipole. Although
the Hertzian dipole is used in many simulations, it is not realisable in practice.
The most commonly used dipole is the center-fed half-wave dipole. This type of
antennas have two quarter-wavelength elements, resulting in a total length of
approximately L = \/2, where X is the wavelength.

When designing antennas for a desired operating frequency, the length of
the dipole has to be considered. Antennas with larger size resonate at lower
frequencies, whereas antennas with a small size resonate at high frequencies.
This means that for lower frequencies, an antenna with a considerable size is
required, which is not practical. To tackle this problem, techniques to achieve a
desired frequency with a smaller antenna size have been implemented, such as
the resistive loading of an antenna. When it comes to GPR antenna design, the
goal is to minimise the resonance in order to achieve greater bandwidth and less
sensitivity tuning in the GPR system.

Biconical antennas are broadband dipoles which are formed using two roughly
conical shaped elements of finite length. A bowtie antenna is a type of biconical
antenna, which can be considered as a 2D version of the a biconical antenna.
Figure 4.2 illustrates both a biconical and a bowtie antenna fed by a transmission
line. Bowtie uses two identical conductive triangular elements, instead of linear
wires or rods, as its antenna elements. Together the triangular elements resemble
a bow tie, as the name suggests. The bowtie antenna is characterised by the
flare angle of its triangular elements. As the flare angle goes to zero, the bowtie
reduces to a simple linear dipole. The input impedance of a bowtie antenna
varies with wavelength and flare angle, having a relatively flat input impedance
response for wide flare angles.

The space around the antenna is usually divided into three regions, as shown

in Figure 4.3, which are:

1. Reactive near-field: First is the region that immediately surrounds the

antenna and in which the reactive field dominates. The theoretical boundary
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Z Z
1/2 1
y y
1/2
X
(a) Dipole antenna (b) Mononopole antenna

Figure 4.1: Figure showing a) a dipole antenna, which has two radiating arms and b) a

monopole antenna with a single arm.

of this region is taken to be at a distance of R < 0.62y/D3/\ from the
antenna, where D is the largest dimension of the antenna and A is the

wavelength.

. Radiating near-field (Fresnel) region: This is the area between the reactive

region and the far-field region, in which the radiation fields dominate and
the angular field distribution depends on the distance from the antenna. If
the biggest dimension of the antenna is small compared to the wavelength,
the Fresnel region may not exist. This area exists between R > 0.62/D3/\
and R < 2D?%/)\

. Far-field (Fraunhofer) region: In the far-field region, the angular field

distribution is independent of the distance from the antenna. The inner

boundary of the region is a distance R = 2D?/\ and extends to infinity.

The amplitude pattern of an antenna changes with increasing observation distance
from the near field to the far field region, since the fields themselves are changing

in magnitude and phase (Balanis, 2015).

4.3 DESCRIPTION OF THE GPR TRANSDUCER

The antenna that was chosen to be modelled is the 2000 MHz “palm” antenna
from Geophysical Survey Systems, Inc. (GSSI). In the GPR field, this is considered

a high-frequency antenna, meaning that it has a high-resolution and can resolve
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(a) Biconical antenna (b) Bowtie antenna

Figure 4.2: a) Biconical antenna and b) Bowtie antenna. Both antennas are connected

to a transmission line, which in turn is connected to a source.

small targets more easily. Due to the trade-off between resolution and penetration
depth, high-resolution comes at the expense of a small penetration depth, which is
approximately ~0.3 m for the specific GPR system, depending on the conditions.
High-frequency antennas are most commonly used for the assessment of concrete
slabs: pinpointing structural elements such as reinforcing bars (rebars), post-
tension cables and conduits or measuring the thickness of the slab. Its small
size allows for scanning in previously not easily accessible areas, such as corners,
between obstacles and in walls.

Figure 4.4 illustrates an image of the GSSI transducer, which was used along
with the GSSI SIR-4000 data acquisition system. The transducer integrates a
survey wheel and a “deadman” switch operator for turning off the transmitter

when it is not used.

4.4 GEOMETRY OF THE ANTENNA MODEL

In order to simulate an antenna transducer, knowledge of the geometry and the
dielectric properties of its elements is required, as well as the excitation pulse.
Creating a numerical model of a real GPR transducer is more challenging than
modelling a custom-built one. Although the geometrical features can be acquired
by observation, most of the values of the dielectric properties of the materials
that were used to construct the antenna and the excitation pulse are unknown,
most often due to commercial sensitivity in addition to genuine lack of accurate

characterisation of the wide-band dielectric properties for certain materials.
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Far-field

Figure 4.3: Field regions around an antenna.

The first step when modelling a GPR transducer is to build the geometry of the
antenna. Inspecting the geometry of the real GPR system, the most important
components are chosen to be included in the model. The key design hypothesis in
developing such a model is to include as best as possible the parts that directly
affect and shape the EM radiation and reception and avoid the detailed modelling
of the circuit components, which have a negligible effect. Moreover, due to the
small size of these components, an extremely fine grid, that would greatly increase
the computational cost, would be required.

Figures 4.5-4.12 illustrate the simplified FDTD geometry of the different parts
of the antenna model being investigated. The model includes two planar surface
bowties, one that acts as the transmitting antenna and one as the receiving
antenna, with additional rectangular extensions at the ends of both bowties,
reducing the antenna dimensions and also increasing the wide-band characteristics.
The Tx and Rx bowtie are separated by a distance of 4.3 cm, as displayed in
Figure 4.11, where the fine geometry of the bowties is presented. The bowties are

etched from copper onto printed circuit boards (PCBs), which are displayed in
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Figure 4.4: The 2000 MHz “palm” antenna from Geophysical Survey Systems, Inc.
(GSSI).

Figure 4.8. Underneath the PCBs, two different types of electromagnetic absorber
foams are inserted in order to reduce the back-cavity radiation (see Figures 4.7
and 4.10). In the middle of the two absorbers, a gap is present for both the Tx
and the Rx, where a small plastic case is inserted. Furthermore, EMI shielding
gaskets are placed on the bottom side of the second absorber in the vicinity of
each bowtie’s midpoint, as shown in the backside geometry of the antenna model
in Figure 4.12. The bowties are placed in the same enclosure, which is modelled
as a square metal box and acts as a shield, shown in Figure 4.6. The shielding is
utilized in order for the antenna to serve as a directional device. GPR antennas
are required to maximise the radiation energy transmitted in the ground and
suppress it in all other directions, hence act as a directional device. In the middle
of the case, as shown in the side view of the antenna model in Figure 4.10, there
is a plate that separates the transmitter from the receiver, which are centered
in each section of the box. The divider between Tx and Rx includes two gaps,
which are visible in the Figure. The box is open on the side of the bowties and is
further enclosed in an outer plastic case as shown in Figure 4.5. The skid plate
is also included, as shown in the full model in the same Figure, resulting to an
overall size of 86 x 86 x 68 mm.

The real bowtie antennas are actually connected to electronic circuits, which
were not included in the model and therefore, for the excitation, a voltage source

is used in a single-cell gap between the two arms of the transmitter bowtie
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Plastic case ]

Skid plate |

Figure 4.5: Modelled geometry of the 2000 MHz “palm” antenna from GSSI: Plastic

enclosure and skid plate.

Shield |

Divider ]

Plastic case ]

Figure 4.6: Modelled geometry of the 2000 MHz “palm” antenna from GSSI: Inner
geometry showing the shield and the plate between Tx and Rx.
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Divider ]

Absorber 2 ]

Absorber 1 ]

Plastic case ]

Figure 4.7: Modelled geometry of the 2000 MHz “palm” antenna from GSSI: Inner
geometry showing the two layers of EM absorber foams.

Divider ]

Absorber 1 ]

Plastic case ]

Figure 4.8: Modelled geometry of the 2000 MHz “palm” antenna from GSSI: Inner
geometry showing the PCB.
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Rx Divider ]

Plastic case ]

Figure 4.9: Modelled geometry of the 2000 MHz “palm” antenna from GSSI: Inner
geometry showing the Tx and Rx bowties placed on top of the PCB.

Cow b —

Figure 4.10: Modelled geometry of the 2000 MHz “palm” antenna from GSSI: Side view.
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4.3 cm

Figure 4.11: Modelled geometry of the 2000 MHz “palm” antenna from GSSI: Fine

geometry of Tx and Rx bowties.

(feed point). At the feed point the tangential E-field component is related to an

impressed voltage

V(t):—/olﬁ-ﬁ (4.1)

where [ is the gap width. The impressed voltage for the voltage source is con-
strained to follow a certain pulse and can include an internal resistance or not.
In this case, a resistance was included, which was determined from optimisation.
Since the shape of the true pulse is unknown, it was derived via trial and error
that a Gaussian-shaped pulse produces the best results for the specific model.

The Gaussian pulse is given by
P(t) = 6727r2f2(t7%) (4.2)

where f is the peak frequency of the pulse and ¢ is time. A time delay of 1/f
is introduced to the pulse to ensure a smooth start. The center frequency was
not chosen via trial and error but was determined by the optimisation process,
resulting in a value close to the frequency specified for the real transducer. The
Gaussian pulse used along with its power spectrum is illustrated in Figure 4.13.

Using the approach presented in Giannakis et al. (2019a), and considering the
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Divider ]

EMT shielding |

Absorber 2 ]

Figure 4.12: Modelled geometry of the 2000 MHz “palm” antenna from GSSI: Backside
view of the GSSI antenna model.

pulse shape also as an unknown, did not affect the results, supporting the premise
that a Gaussian-shaped pulse is a good approximation of the real pulse. The
receiver was modelled using a single-cell gap between the arms of the receiver
bowtie with an edge of unknown conductivity. The conductivity of the receiver
as well as the dielectric properties of certain components of the antenna are to

be estimated using optimisation after having the geometry fixed.

4.5 OPTIMISATION OF THE ANTENNA

In order to acquire estimates of the key antenna properties, optimisation tech-
niques were used. Optimisation tries to find a set of parameters that solves as
best as possible a certain problem. It is widely used in many disciplines such as
engineering, mathematics, statistics and others where a large number of optimi-
sation problems arise. The goal in an optimisation problem is to acquire a set of
values for the variables for which a certain function, called objective function, is
maximized (fitness function) or minimized (loss or cost function). The objective
function, which is a measure of “goodness”, can take many different forms but

most commonly it is an error function to be minimized. The general form of an
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Figure 4.13: 2.12 GHz Gaussian shaped pulse: a) Time domain waveform, b) Power
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Figure 4.14: a) A convex function and b) A non-convex function. Their global minima

are annotated with a red circle.
optimisation problem can be expressed as:

minimize f(x)

TER
subject to ¢;(x) =0, i=1,2,3,...k
ci(x) >0, i=k+1,..,q

where f(x) is the objective function, which in this case is a loss function since it
is a minimisation problem, x is the n-dimensional vector with the parameters to
be optimised and ¢;(x) are the constraints of the problem. The variables k and ¢
represent the number of equality and inequality constraints. These constraints
are restrictions that determine the acceptable values of the parameters. To the
same optimisation problem, there might be many different sets of parameters
that produce the same outcome but some of them might not be realistic solutions,
e.g. obtaining a negative value for permittivity. For this reason constraints are
used to set the lower and upper limits of the values that the parameters can take
in order to be realistic. The constraints imposed on the variables are considered
a priori information, since the range of values of the most common materials
used in antenna designing is known. Thus, one optimisation problem can be
considered as a minimization or maximisation problem of a non-linear function
subject to upper and lower bounds on the parameters.

Based on the problem, multiple objective functions can be used, where the total
objective function must satisfy more than one goal. For instance, to maximise the
gain of the antenna and at the same time to minimise the unwanted reflections.
This type of problem is known as multiple-objective optimisation but in the
present work only single-objective optimisation is considered.

There are many ways to classify optimisation algorithms, with a broad classifi-

cation being either traditional local techniques or advanced global approaches.
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Most local optimisation techniques are gradient-based, meaning that they utilize
gradients to reach to an optimal solution. Algorithms that use gradient informa-
tion have been widely used to solve a number of optimisation problems due to
their efficiency. But they have the drawback that the algorithm, when reaching
a local optimum, cannot escape and search the optimisation space for a better
solution. Thus, the algorithm provided the local optimum as the optimal solution
and fails to locate the global optimum. Therefore, gradient-based techniques are
efficient in cases when dealing with convex functions, which are functions that
have only one local minimum or maximum which is also the global optimum.
Figure 4.14a illustrates a convex function with the characteristic bowl shape and
its global minimum annotated in red. When dealing with problems with multiple
local minima or maxima, different approaches are required to acquire an accurate
solution. Figure 4.14b displays a function with a local minimum and a global
minimum, which is annotated in red.

Global optimisers have been extensively used for the numerical modelling of
real systems in a broad spectrum of applications. Their success relies on their
ability to handle the non-convexity and non-linearity of many problems that
require a global search approach. The most common are the stochastic methods,
which introduce randomness in the optimisation, such as generating and using
random variables. Genetic algorithms (GA) and particle swarm optimisation
(PSO) fall in this category and were used to optimise the transducer, described
below.

Optimisation has been mostly used for new antenna design purposes by opti-
mising different sets of antenna parameters. Haupt (1994) employed GAs in order
to find an optimal thinned array that produces the smallest maximum relative
sidelobe level. Optimisation was performed for a 200-element linear array and a
200-element planar array, but could be extended to other arrays.

GAs were also implemented in the work by Altshuler and Linden (1997) to
design four different antennas, two modified Yagi-Uda antennas, monopole loaded
with a modified folded dipole and a seven-wire antenna. These antenna were also
built and tested with the measured data agreeing well with the computational
results. Although the antennas were optimised for efficiency at a single frequency,
the built designs proved to be highly broadband. To design an efficient Yagi-
Uda antenna, Pareto GA was used by Kuwahara (2005), where more than one
objective functions are involved, which are optimized simultaneously. Specifically,
the antenna was optimised to minimise the sidelobe level, maximise the gain,
and obtain an input impedance of approximately 50€2. To demonstrate that
the proposed optimisation scheme is superior to the current at the time design
techniques, it was applied on an 8-element and a 12-element Yagi-Uda antenna,

but it was also employed to antennas with less number of elements.
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A parallel PSO/FDTD scheme is presented by Jin and Rahmat-Samii (2005),
used to design multi-band and wide-band patch antennas, where parameters re-
garding the geometry of the antennas are selected to be optimised. The algorithm
was tested on a rectangular patch antenna and an E-shaped patch antenna, where
the length and width of the patch and the slot, the slot position and the feed
position were optimised. Prototype antennas were built based on the optimised
antennas to validate the accuracy of the scheme with the Si; curves showing a
good agreement with the simulated results.

GA was applied by van Coevorden et al. (2006) to design a resistively loaded
thin-wire bowtie GPR antenna. The resistive loads and the number of wires
and the angular distances between these wires were chosen to be optimised.
The performance of the optimised antenna is compared to that of the straight
thin-wire Wu—King dipole antenna, where the proposed antenna proved to be
more efficient. In the work presented by Pantoja et al. (2007), a PSO scheme
was utilised to optimise several parameters of a log-periodic dipole array in
order to obtain desired radiation characteristics. The log-periodic dipole array
is a coplanar linear array that consists of a number of unequally spaced dipole
elements with gradually increasing length. A 10-element array was used with 11
design parameters to be optimised, where most of the parameters are related to
the length and positions of the dipole elements.

Each of the above proposed schemes are used to optimise certain properties
with the aim of achieving different radiation characteristics. This proves the
applicability and performance of global optimisers to a variety of problems
related to antenna designing. Although optimisation was utilised to design new
antennas, only a few attempts to acquire estimates of the properties of an existing
commercial system can be found in the literature.

The goal of optimising a real unknown antenna is to acquire estimates of
the dielectric properties of the components of the antenna, which when used
in numerical modelling will replicate the behavior of the real system. For this
purpose, a measurement of error is required in order to determine how well the
model approximates the real behavior. This measurement of error can be the
differences between real and simulated GPR responses. One of the most common
functions, which was the one that was chosen to be minimized, is the residual

sum of the square differences (RSS) between the synthetic and real data

N

> (X - V) (4.3)

=1

where X and Y are the vectors containing the simulated and real data, respectively
and N is the total number of the investigated GPR. scenarios. If only one scenario

is used, the replica of the transducer will reproduce accurately the behavior of the
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real system only for that specific or similar settings and fail to respond reliably to
different scenarios in the future. In optimisation, this is known as the overfitting
problem, where the algorithm fits too closely to the data that learns not only
the signal but also the noise contained in the real responses, making it unable
to generalize to new cases. To tackle this problem, two A-scan responses from
two distinct scenarios were used. The first was the free-space direct coupling

and the second was the response of the transducer over a metallic plate. The

specific scenarios were chosen due to their simplicity and ease of implementation.

Therefore, the optimisation searches for the model parameters that will reproduce
the behavior of the real transducer for these two scenarios as close as possible.
The real A-scans were collected using the GSSI 2 GHz antenna along with the
SIR-3000 system for a time window of 8e-9s with 512 time samples. The only
filters applied to the real data were stacking and a 10 MHz vertical high-pass
infinite impulse response (IIR) filter, with vertical meaning that the filter operates
in the time domain. These filters are used to reduce the noise in the data without
modifying the responses significantly, whereas other filters or excessive filtering
can alter the responses significantly. In the latter case, an optimisation algorithm
would fit filtered responses, resulting in a model that can be thought of as a
model of a modified version of the real antenna, and will not capture the behavior
of the actual antenna. Since the true excitation pulse of the real transducer is
unknown, the real data are normalised to the maximum amplitude value of the

free space response as:

max rs = max(|Yys|)
st_norm = st/maxfs

}/pecinorm = pec/mal‘fs

where Y, is the real free space response and Y. is the A-scan received from
the metal plate, whereas Yts norm and Ypec norm are the normalised responses
for free space and from the metal plate, respectively. In the simulations, the
size of the domain is set to 250 x 200 x 170 mm with a step size of 1 mm for
both simulations. The time step is set to At = 1.92 ps as calculated by the
Courant-Friedrichs-Lewy (CFL) condition (Taflove and Hagness, 2000), resulting
in 4156 time steps for a time window of 8e-9s, while the metallic plate was
modelled as a perfect electric conductor (PEC), which is an idealised material
assuming to have an infinite electrical conductivity and is modelled by setting
the electric field to zero. To simulate the second scenario, the antenna model
is placed exactly on top of the PEC plate. In order for the synthetic and the
real data to be comparable for the objective function, the following steps are

performed at each iteration before evaluating the RSS:
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1. Downsample the synthetic data from the FDTD time steps to 512 in order
to match the number of samples of the real data. The downsampling was

performed using the Fourier method.

2. Normalise the synthetic data to the maximum absolute amplitude of the

simulated free space response.

3. Align the synthetic with the real data by their negative peak by shifting
the synthetic data the required number of samples. Instead of the negative

peak, the positive peak could have been chosen to align the data as well.

4.5.1 Genetic Algorithm

Genetic algorithm (GA) is based on natural selection imitating biological evolution.
GA simulates the process of natural selection, where the species that adapt to
changes are able to survive and reproduce to form the next generation. In other
words, they simulate “survival of the fittest” among individuals of a generation.
GA has several advantages over traditional optimisation techniques, such as that
it does not require any derivative information, it works even with extremely
complex cost surfaces and is suitable for parallel computing. In addition to that,
GA provides a set of optimum parameters and not just a single solution and
works well with large number of parameters.

GA is an iterative process that starts by creating an initial population of
candidate solutions based on the set of constrains. At each iteration the population

forms a generation. Assuming an individual solution is

pP= [pl’an"'vpn] (44)

with i corresponding to the i-th solution, the population matrix can be written

as: ~ _
p1i1 P12 - Pin
p | P o P (4.5)
L Pm1 Pm2 - Pmn ]

where n is the number of parameters to be optimised and m is the size of the
population. Thus, each row of the matrix forms an individual candidate solution
or in other words, a point in the search space of a given problem. The initial

population is randomly generated

P = random(m,n) (4.6)
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where usually samples are drawn from the uniform distribution over the interval
[0,1) adjusted to the constraints. Each solution from the population is evaluated

based on an objective function to calculate the cost in this case,

cost1 = f(p11,P12; -, P1n) (4.7)
costy = f(p21, P22, ---, P2n) (4.8)
oSty = f(pmlapm% ---apmn) (4'9>

and the members with the best fit to this function, called “parents”, are chosen.

Since natural selection is invoked, only the healthiest members, the parents,

survive and the solutions corresponding to the rest of the members are discarded.

There are two common ways to decide how many solutions are kept. The first is
to define the number of solutions kept, while the second is to use thresholding
and keep only the solutions that had a cost value less than a threshold. There are
three types of “children” that are created, which form the population of solutions

for the next generation:

1. Elite are the individuals with lowest cost value in the current generation.

Therefore, the parents automatically survive to the next generation.

2. Crossover (combining) are the children created by combining the solution

vectors of the parents.

3. Mutation children are a result of introducing random changes in a single

parent.

The way a child is generated from parents with the three processes is shown in
Figure 4.15 using both schematic diagrams and solution vectors. In the case of the
solution vectors, a 6-dimensional solution was used as an example with p; € RS.
The child was produced by randomly combining parameter values between two
parents, but there are other approaches that can be used, as well. For crossover,
there are many selection methods in order to choose which parents will be paired,
with the most common being pairing top to bottom, random pairing and weighted
random pairing, where each parent is assigned a probability of being chosen,
which is inversely proportional to the value of its cost. Assuming, mjeep is the
number of parents kept, pairing continues until m — My, children are generated
to displace the discarded solutions. From the new generation, ”parents” are
again selected to produce the children for the next generation and this process
continues until it eventually converges to a single optimal solution which has the
best fitness value of the objective function. The flow chart of this algorithm is

presented in Figure 4.16.
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Figure 4.15: The three ways children are formed by parents in a Genetic Algorithm,

illustrated using schematic diagrams (left) and solution vectors (right).

As mentioned above, the number of variables n that are chosen is 15, the
maximum number of iterations is set equal to 40, while the population size m is
set to 80 based on the number of variables in t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>