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Abstract

In recent years, considerable amount of efforts have been put into the research and
development of Ground Penetrating Radars (GPR) for landmine detection. The
advancement in Ultra-Wideband (UWB) technology paves way for a new category of
GPRs, capable of detecting small objects underground. Using an ultra-wide bandwidth,
these GPRs are able to provide the depth penetration and resolution required for
detection of both metal and plastic objects. Thus, the design of an antenna capable of
performing in a wide range of frequencies becomes an important factor in determining
the success of the GPR. The purpose of this thesis is to provide a comprehensive
analysis on the design and development of an UWB TEM horn antenna. This thesis
begins with an introduction of the UWB GPR systems and the important parameters
affecting the design of antennas. These concepts provide the essential knowledge
needed for the analysis of the design process based on a combination of numerical and
empirical methods. The work of this thesis mainly concentrates on three experimental
design phases. Each of these phases includes the change in dimensions and added
structures, such as the balun and the bell shaped antenna plate. Results from these
simulations are continually assessed and each phase sees numerous simulations using
different parameters in an attempt to achieve the best overall performance in these
antennas. Measured results from the final prototype showed relatively good agreement
with its simulations. In addition, results from a field test conducted using a SF-GPR
provides a testament to the success of this design. These studies will provide the
essential knowledge for future development of TEM horns based on an empirical

approach.
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Introduction

Introduction to Landmines

Every year, thousands of innocent people are killed or crippled by landmines. Although
the ‘Ottawa Convention’ signed by 84 countries in 1999 prohibits usage, production
and transfer of Anti Personnel Landmines, millions of unexploded landmines have
already been scattered over many post-war countries. A statement published by the US

Department of State [1] website cited:

“The 1993 edition of Hidden Killers reported some 65 to 110 million
uncleared landmines scattered in 56 countries. The 1994 version of the
report stated that as many as 80-110 million antipersonnel mines were
scattered in 64 countries. These numbers are merely estimates from
military archives dated back into World War I, with many more that

were unrecorded.”’

The presence of landmines in areas outside combat zones in many post-war countries,
made it difficult for people to get back to their prior homes, for fear of getting killed by
these unexploded ordnances. Vast areas of land that could be used for agriculture or
other industrial interests are wasted due to the presence of landmines. The close
proximity of landmines to residential and commercial areas in the post-war countries

has a left an adverse effect on the revival of its war-torn economy [2].



Introduction

Landmines are no longer made only using metals; statistics show that more than 50% of
the landmines manufactured are made of plastic [1]. There has been an extensive use of
plastic landmines in recent conflicts. These plastic landmines proved to be an obstacle
to traditional mine detection techniques using metal detectors. As a result, mine
detection technologies called for a revolution, a new technique for detection of both

metallic and non-metallic landmines.

Complete clearance of a minefield is required to restore public confidence. Therefore,
mine-detection techniques require extremely high detection rates. Although research
and development of detection techniques has been going on for years, no single
technique is deemed suitable for all de-mining scenarios. Nonetheless, the Ground
Penetrating Radar (GPR) has emerged as one of the most promising mine detection

technology in the recent years.

Overview of the Ground Penetrating Radar

Researches on detection of underground objects have been an ongoing project in the
past decades. The initial development of the Ground Penetrating Radar (GPR) in 1926
by Hiilsenbeck was not follow up by any major research until the late 1950s. The need
for surveys of underground objects resulted in a revival of the GPR. Since the 1970s,
this technology has been widely used in civil engineering sectors. Presently, GPRs are
widely used in the location of gas pipes, cables, tunnels, coal layers, etc. Further
researches on the applications of GPRs have been conducted in the recent years. The
International GPR Conference held every 2 years is evidence of the growing interest in
the GPR system. This conference showcases new applications and modeling techniques
developed over the recent years. Recent publications include the use of GPR on the
Mars Netlander, gold mining operations and profiling of dry valleys in the Antarctica.
Soil moisture profiling is also made possible using the GPR’s ability to detect

variations on dielectric properties [3].
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The past decade has seen an enormous advancement in the development of GPR for
landmine detection. Its ability to perform accurate classification of both metallic and
non-metallic objects buried underground contributed to its success in landmine
detection. Unlike classic GPRs discussed above, these GPRs operate in the ultra
wideband frequency range, which is required for better classification of small-buried
objects, such as landmines. In operation, a classic Ultra-Wideband GPR using air-
launched antennas is usually mounted on a mobile unit, scanning a suspected minefield
in a lateral direction. Information on the location of the landmines is then made
available through signal processing of the echoed signals. Accurate information on the

location of the landmine will aid de-miners in clearing the minefields.

The Need for Ultra-Wideband Antenna

The antenna is a critical component of the GPR. It has a huge influence on the overall
performance of the entire system. Because of the relatively small dimensions of
landmines, the GPR is required to provide good range resolution for optimal detection

and classification of these buried objects.

The operating frequency range for GPRs used for landmine detection is often in the
range of a few hundreds of Megahertz to a few Gigahertz. With this frequency range, a
GPR is able to provide both high range resolution and a good penetration depth. The
choice of frequency range is largely dependent on these parameters, which is in turn,

dependent on the dimensions and depth of the targeted object.

From the GPR requirements, it is clear that an ultra-wideband antenna is needed to
provide the required range resolution. This ultra-wideband antenna is able to provide a
consistent performance throughout its operating range of frequencies. One particular
category of antennas, known as frequency independent antennas offers extremely high
bandwidths, making them the best choice for this application. Among the numerous
wideband antennas described in literature, the TEM horn is chosen for the subject of

this thesis.



Overview of Thesis

Overview of this Thesis

The main aim of this thesis is to investigate and provide a literature review on the
development of the TEM horn prototype used in conjunction with an Ultra-Wideband
Ground Penetrating Radar using Synthetic Aperture Radar (SAR) for landmine

detection.

This thesis is presented in 7 chapters. Chapter 1 introduces the Ground Penetrating
Radar used for landmine detection. This chapter covers its basic operating principles
and important parameters related to the development of the TEM horn antenna. Chapter
2 provides information on the fundamentals of antenna design and the properties of
frequency independent antennas. This is followed by a literature review on various
wideband antennas commonly used in GPR systems. A brief summary of Dr. Bart’s
PhD thesis on Ultra-Wideband Ground Penetrating Radar (UWB GPR) using a

dielectric-filled TEM horn antenna will be included as a reference for this thesis.

Chapter 3 presents a complete analysis on the area of study. The chapter starts with an
overview on the design of the TEM horn, followed by its theoretical analysis. The
section on analytical theory of the TEM horn provides a comprehensive empirical
approach on its analysis along with methods employed in numerical analyses. A
technical description on the design methodology of the TEM horn will also be
presented. This provides an overview of the entire design process using both numerical
and empirical approach. Chapter 4 serves as an extension to the design phases of
mentioned in the preceding chapter. Results from simulations and methods used in the
process of converging antenna parameters to optimal values are reviewed. The chapter

concludes with a summary on the formulation of the final TEM horn design.

The physical construction of the antenna and implications due to its integration with the
GPR are discussed in chapter 5. The results from both tests conducted in the anechoic
chamber and field are analyzed and a comparison between simulated and measured
results will also be presented. A brief evaluation on the entire thesis will be presented in
Chapter 6. Chapter 7 concludes with a summary on the thesis and its potential topics for

future development.



Chapter 1. The Ground Penetrating Radar

The aim of this chapter is to provide an overview on the basic operation of the Ground
Penetrating Radar used for mine detection. This chapter provides detailed definitions on
some important parameters used in GPR terminology. Knowledge of these parameters
will be essential for the understanding of the design specification of the antenna. This
chapter also presents the theory on the ultra-wideband technology employed in this

system.

1.1 Ground Penetrating Radar Operating Principles

1.1.1 Basic Operating Theory of a GPR System

The Ground Penetrating Radar works on the same principle as a classic radar system.
Electromagnetic (EM) waves propagate through the transmitting antenna towards the
ground and an echoed wave results from reflections by the target. Contrasts between
dielectric properties of the ground and the buried object result in a reflection of EM
waves with different electrical properties. Upon receiving these reflected waves, an

identical receiving antenna sends them to a post processing system for analysis.

The electrical properties of the EM waves that are backscattered vary with the dielectric

properties in the ground. These electrical properties are namely, relative permittivity,



The Ground Penetrating Radar

relative permeability and conductivity. However, not all three parameters provide
useful information to the GPR. Conductivity generally affects the penetration depth of
the GPR due to absorption of the radar signals in the medium. Soil with high moisture
content increases the electrical conductivity, thus decreasing penetration. On the other
hand, due to the lack of magnetic content in earth’s soil, relative permeability is hardly
provides any useful information because it offers little contrast in the radiated EM
pulses. Contrastingly, relative permittivity, which corresponds to the dielectric constant
of the medium, provides the highest degree of contrast in the reflected wave, thus
resulting in good characterization of the ground. Therefore, the contrast in permittivity

usually leads to the reflection in the EM pulse.

The GPR’s ability to differentiate an object buried underground relies heavily on its
operating frequency range. Most applications for GPRs operate with a bandwidth of
about 1 GHz. These applications are mainly used for location of large structures, such
as gas pipes, underground cables and coal layers. Such applications require good
penetration depth as the targeted objects are usually buried deep underground. On the
other hand, GPRs used for landmine detection operates with a much higher bandwidth.
Higher bandwidth is required for a better range resolution, which is critical for
detection of small objects, such as landmines. Thus, the GPR used for landmine
detection uses the ultra-wideband technology for higher range resolution, which results

in better classification of objects, in the expense of penetration depth.

The backscattered signals received by the receiving antenna typically consist of a series
of echoes in the time domain. The first and largest echo usually represents reflection
from the air-ground interface, while subsequent echoes may result from reflections
from the target or clutter [4]. Clutter is defined as spurious reflections caused by
unwanted scattering. Scattering is essential in any radar detection process. Without
scattering, no reflection will occur. Unlike clutter, scattering resulting from the target of
interest provides information on its geometry and dielectric properties through contrasts

in permittivity with the ground.
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1.1.2 Classification of GPR systems

Time Domain Impulse GPR System

GPRs are classified into two broad categories; time domain and frequency domain. The
first GPRs developed operate in the time domain and have been the dominating
technology in this field. The operation principle of a time domain GPR is fairly
straightforward. The system sends out an EM pulse and waits for a backscattered echo.
The receiving antenna sends this backscattered signal to the post processing system,
which processes the signal for contrast in its electrical parameters. This process is

shown graphically in Fig 1.1.

SR
Step Generator Data Digital Signal
Acquisition Processing
~— L

)

Step Impulse
Generator

~—

TX Antenna RX Antenna

- Ground

Object
Fig 1.1. Simplified block diagram of a Time-Domain GPR system.

These time domain GPRs are further classified into two categories: the amplitude
modulated and carrier free GPRs [4]. Amplitude-modulated GPRs are often used in
commercial applications such as road profiling, location of gas pipes and coal mining.
The bandwidth requirements for these applications generally range between a few tens
of Megahertz to 1GHz. On the other hand, GPRs used for landmine detection have
much higher bandwidth requirements. This led to the development of the carrier free

GPR, also known as the Ultra-Wideband (UWB) GPR.
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Stepped Frequency GPR system

The second category of GPRs operates in the frequency domain and one of the more
popular ones is the Stepped Frequency GPR (SF-GPR). The antenna developed in this
thesis will be integrated with the SF-GPR that is currently used by the UQ Mining

Research Group.

The first of SF-GPRs was developed in 1972 and its results shows improved
performance in range over time domain impulse GPRs for a given range resolution,
AR . This GPR also provide significant improvement in performance in mean
processing energy and available bandwidth. But it failed to make an impact in the
industry due to its complexity in design and high cost of development. However,
technological advancements in wideband and digital signal processing techniques
revived the interest in SF-GPRs. Much effort has since been put into its research and
development and good results have been obtained from recent developments [9]. Some

advantages of the SF-GPRs are [6],

= Higher penetration depth.

* Higher mean transmission power.

= Flexibility in signal processing.

= High range resolution.

= Ability to compensate dispersion effects caused by the medium.

= Ability to efficiently sample received signals with low speed A/D converters.

= Better DSP capabilities for filtering unwanted signals.
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Syn TX Amplifier TX Antenna

Fiber Optic Link TX Gate ‘,
i e ] -]

Gate Driver

Fiber Optic Link

Real Time Digital Quad
Display Signal Receiver
Processor RX Gate
RX Amplifier RX Antenna

Fig 1.2. Simplified diagram of the Stepped Frequency GPR system.

In operation, the SF-GPR transmits and receives narrowband pulses in series of bursts.

Each burst consists of N pulses stepped between its lowest operating frequency, f, and
its highest frequency, f,, in linear increments of Af". These pulses are generated using

frequency synthesizers and radiated towards the targeted area by antennas.

Reflected signals from the ground consist of a change in amplitude and phase, which
provides raw information of the target. These signals then undergo pre-processing using
a quadraphase modulator (QM) to maintain its coherence. Following that, the signal is
sampled and processed by an Inverse Discrete Fourier Transform (IDFT) and put
through a series of filtering process. These filtering processes result in an output
voltage that resembles a sampled sine wave because of its linear increments. A
representation of the target’s reflectivity is obtained by converting this signal into its
digital equivalent. The Inverse Digital Fourier Transform (IDFT) is then used to
convert all the signals to their time domain equivalent after a complete burst is
received. This time domain response is known as the target’s complex range profile.
Variations in the echoed pulse are represented by changes in its amplitude and phase.
The phase changes with the range of the target while the amplitude changes are affected
by the target’s cross section area. Thus, with this information, a 3-D profile of the target

can be achieved [6].
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1.2 Important parameters for GPR systems

1.2.1 Frequency Band Selection for GPR

Choosing the operating frequency for a GPR is an important step in the successful
identification of a target of interest. This ranging signal bandwidth generally defines the
range of dimensions of the desired target and to a certain extent, its depth. Frequency
band selections usually involve two main parameters: the range resolution (AR) and the

maximum depth penetration (R,,,, ). Furthermore, signal attenuation due to ground

properties has to be taken into consideration.

Lower Frequency Limit

Attenuation in microwave frequencies in most ground materials varies exponentially

with its carrier frequency f,., and is expressed as,

L,, =exp(4nf.R/QV,,) (1.1)

where Q is the quality factor for a given medium for f =10MHz and R is the range of

the target. V), is the velocity of wave propagation in the medium. From this
relationship, it is obvious that a low carrier frequency is needed for minimum
attenuation, thus good penetration. This condition generally limits the lower frequency

range of the GPR.

Upper Frequency Limit

Range resolution for any radar system is expressed as the minimum distance from
which two identical sources can be distinguished using only their distances from the

radar itself. It is expressed as,

10
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AR =V, /2(f, - f,)=V, /2B (1.2)

where f,, and f, represents the highest and lowest frequencies in the ranging signal

bandwidth, respectively, and B is the bandwidth. As seen in (1.2), a high range
resolution required in the GPR system leads to a high upper frequency limit. As a
result, a GPR with low carrier frequency limit due to ground attenuation and high range

resolution leads to the utilization of an ultra-wide bandwidth.

Ranging Signal Bandwidth

The ranging signal bandwidth of the GPR is commonly characterized by its fractional
bandwidth,

BF:2(fH_fL)/(fH+fL) 1.3)

A common definition states that a radar is considered ultra-wideband if its fractional
bandwidth is greater than 0.25. However, this definition made no distinction between a
GPR and a UWB GPR. With this definition, most GPRs would have been classified as
ultra-wideband. Thus, a more specific definition states that a fractional bandwidth

greater than 100% is required for a GPR to be considered ultra-wideband.

Selected Frequency Band for UWB GPR system

The frequency band for the UWB GPR system sets the specification for the design of
the antenna. This frequency range is chosen such that it is within the range of the
antennas presently realizable. Most practical wideband antennas are able to handle
bandwidths up to a few Gigahertz. The range resolution determines the minimum
distance where two objects can be discriminated by the GPR at a standoff distance.
Thus, a relatively high upper frequency of 6 GHz is chosen. Since there is a lack of
requirement for deep penetration in landmine detection, a relatively high lower cut off

frequency at 800 MHz is used.
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1.2.2 Definition of Terms used in UWB GPR Systems

Range Resolution in UWB GPR Systems

As seen from the preceding section, the range resolution is inversely proportional to the
ranging signal bandwidth of the GPR. Consequently, a good range resolution is readily
achievable in a UWB system. The resolution of two signals can be obtained by
comparison between their sinc functions in the time domain. However, backscattered
signals from the ground suffer exponential attenuation (1.1), which results in
distortions. Such distortions generally lead to a decrease in range resolution.
Furthermore, Cherniakov and Donskoi [5] show that the width of the impulse response

depends on the absolute bandwidth and ground attenuation properties, not f,, or f,. It

is also shown that signals at high attenuating medium suffer from serious pulse

broadening, even with extremely wide bandwidth.

Penetration

As defined in the previous section, attenuation of EM waves traveling in the ground is
an exponential function of the carrier frequency. This condition limits the effectiveness
of the conventional GPR for detection of small objects buried deep underground,
especially in high attenuating mediums. Fortunately, GPRs used for landmine detection
generally do not need a good penetration depth, as landmines are often laid shallow.
This gives a room for trade off in improving range resolution in the expense of
penetration. A penetration depth of 20cm is usually sufficient for such purposes [4].

The maximum depth of penetration for a GPR, R,,,,, 1s given by [6],

il (1.4)
_| BGGye'o; |
(4n)3f2SminL

MAX

where P, is the transmitted power, G, and G, are the transmitter and receiver gains

of the antenna respectively. G, is the cross section are of the radar, expressed in m”
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and S_. 1s the required minimum detectable signal in Watts. The value of L defines

min

the power reduction factor due to absorption, while P is a value between 2 to 4,

depending on the target.

1.3 Synthetic Aperture Radar

A radar’s antenna capability to detect object is often judged by the size of its aperture.
With a larger antenna, one can generally obtain more information on an object, thus
providing better resolution. However, these antennas are not practical a due to its size
and cost of construction. The invention of the Synthetic Aperture Radar (SAR)
provides the means of simulating large aperture using an antenna with a fraction of its

aperture.

Fig 1.3. B-scans of several objects above the ground using a SF-GPR
(SAR) with double ridged horn antennas. The hyperbolic shapes are the

result of averaged pulses over a synthetic aperture.

The SAR uses advanced Digital Signal Processing (DSP) techniques to simulate a large
aperture by moving the radar in a direction perpendicular to the object. By transmitting
many pulses as the radar is moved, a single object may be detected many times and the
reflected pulses are averaged over distance. For landmine detection, the detected
objects are shown in a hyperbolic shape as the radar is moved across the object (shown

in Fig 1.3). Through this process, the SAR is able to eliminate any noises, which are
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constant throughout the entire detection process, such as cross coupling between the

transmitting and receiving antennas.

In realizing the full potential of the SAR, an antenna with a wide beamwidth is
required. A wide beam antenna provides a larger detection coverage as the antenna is
moved across the object, which means the object is averaged over a larger number of

reflected pulses, thus increasing the accuracy of the results.

1.4 Summary

The GPR is no ordinary radar, it possess the ability to penetrate ground for the
detection of underground objects. In the past, this is only used for detecting large
objects. However, recent advancement in ultra-wideband technology drove researchers
into developing high resolution GPRs, which are able to discriminate objects with small
dimensions, such as landmines. Two basic models of GPRs are also presented. The SF-
GPR, which will be used in the implementation of the UWB antenna, has been briefly
discussed as field results in the later chapters will require some understanding of its
operation. The range resolution and depth penetration determines the upper and lower
frequency limits. A good understanding of these parameters will aid in the design and

analysis of the antenna in the succeeding chapters.
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Chapter 2. Ultra-Wideband Antennas

Ultra-wideband antennas are found in applications with requirements for high
bandwidth, such as radar systems. These antennas often require constant performance
over several Gigahertz, thus commonly termed “frequency independent”. The aim of
this chapter is to provide an analysis on the characteristic of these frequency
independent antennas. Various wideband antennas will be investigated in literature.
This chapter will also provide an overview on some of the important parameters
associated to wideband antennas. A brief summary on Dr. Scheer’s UWB GPR System
using TEM Horns will be presented at the end of the chapter.

2.1 The Frequency Independent Antenna

2.1.1 Basic Principles of a Frequency Independent Antenna

Frequency independence in antennas is an important factor for achieving optimal
performance over wide range of frequencies. This is especially important for the design
of a wideband antenna. An antenna can be defined as frequency independent if it
exhibits constant performance, invariant to the change in scale, which is inversely
proportional to the change in frequency [7]. That is, when dimensions of an antenna are

doubled and its frequency halved, its performance, such as gain, impedance, beamwidth
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etc., remain unchanged. This condition holds when the antenna is of infinite length and
constructed using perfect conductors and dielectrics. If an antenna is completely
determined by angles, such as a biconical antenna, the antenna will satisfy the above
condition. However, for practical usage, the biconical antenna, which is theoretically
infinite, has to be truncated. As a result to this change in geometry, the performance of
the truncated antenna will not produce exact results as its infinite counterpart. Although
the truncation principle defines that similar results from the antenna are required for
both infinite structure and its truncated equivalent; it also imply that current I,
approaches zero away from the terminals and that the architecture of the finite structure
approaches its physical limit with increasing frequency [7]. Therefore, the truncation

principle holds for any practical frequency independent antenna.

Practical frequency independent antennas only produce relatively constant performance
over a finite range of frequencies. The frequency limits for these antennas generally
depend on its dimensions. The maximum dimension of the antenna sets the limit of the
lower cut-off frequency. On the other hand, the higher cut-off frequency is determined

by the preciseness of the construction on its feedpoint.

The curvature in the structure of a frequency independent antenna provides means for
attenuating the current towards the edge of the structure. The curve is essential in
directing the current flow towards the radial direction. The magnitude of this curvature

has been proved to increase the attenuation of current [7].

2.1.2 Parameters used in Characterizing Antennas

Antennas are generally described using parameters such as gain, radiation pattern,
directivity, impedance and beamwidth. In addition, this section will cover topics on far

field and near field measurements.

Gain
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Gain is commonly used in describing the efficiency and directional capabilities of an
antenna. There are several ways of describing the gain of an antenna, all of which will

be covered in this section.

)
L) =<1*M 1

Signal source Antenna Py

< T1=1’3/1’2 - -
B T

|

Input terminals Output terminals
(Power gain reference) (Directivity reference)

Fig 2.1. Schematic of a simple transmitting antenna and its reference

points for gain and directivity.

A schematic of a transmitting antenna is shown in Fig 2.1 to help illustrate the
definition of gain. The transmitting antenna is connected to the signal source with a

(time averaged) power P, via a transmission line. Upon reaching the feedpoint of the

antenna, the power incident from the source 1s reduced to P,, where
P =-|)p 2.1)

where |1"|2 is the power reflection coefficient. Due to finite conductivity of the antenna,

the radiated power P, is a fraction of its input, P,. This fraction is known as the

radiation efficiency.
n="~/P, 2.2)

The gain of an antenna can be generally defined as the ratio of its radiation intensity in

a particular direction, to a reference power. The magnitude of these reference powers
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are expressed as the power emitted from an isotropic antenna. An isotropic antenna by
definition radiates and receives radio waves equally at all directions. Thus, the radiation

intensity of these references is taken as the power divided by 4r.

intensity of the antenna in direction z 2.3)

4m
G =—P =41
(2)=—"F,

n

reference power

where P is the reference power. Three definitions of gain are usually used in antenna

characterization. They depend on the reference power, as indicated in Fig 2.1. These

common definitions are,

e Realized gain G,(z) where P, = P, = Power incident from signal source.
e Power gain G,(z) where P, = P, = Power at feedpoint of the antenna.

e Directivity D(k) where P, = P, = Power radiated by the antenna.

The power gain, sometimes known as the relative gain will be used in measurements

later in this thesis. And it is expressed as,

Uee,¢) 24

Gain = 40—
P (isotropic )

intensity of the antenna

intensity of an isotropic radiator with same input power

Gain has no dimensions but it is often expressed in its decibel (dB) value. Gain with
respect to an isotropic radiator is sometimes expressed in dBi. By default, the power

gain is taken from the direction with maximum radiation.
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Directivity

Directivity of an antenna is defined as the ratio of its radiation intensity in a specified
direction to its averaged radiation intensity in all directions. The average radiation
intensity can be taken as the total radiation power divided by 4n. This is expressed in

the following equation,

U U 2.5

where U is the maximum radiation intensity and U, is the radiation intensity of an

isotropic source, which is the total power radiated divided by 4xn. By default, the
direction with maximum radiation intensity is taken as its referenced direction. From
Fig 2.1, it can be seen that directivity is taken as gain, referenced from the point where

the waves propagates into free space.

Radiation Pattern

The figure shown in Fig 2.2 shows a three-dimensional view of a classic radiation
pattern for an antenna seen from its far field. The radiation pattern is used as a
visualization tool for antenna analysis and is defined as its variation in field intensity as

an angular function with its axis.

The pattern radiation in Fig 2.2 shows several lobes originating from the phase center
of the antenna. These lobes are contains radiation energy that are stronger than the
regions bounded by it. The main lobe shown in the figure indicates the direction where
maximum radiation occurs, while the sidelobes, sometimes referred to as minor lobes
are generally radiation in undesired directions. The back lobe is a minor lobe located at
the back of the antenna or more specifically, radiation that occurs at a direction
opposite to the main lobe. Each lobe is bounded by nulls, which is defined as the area

with minimum radiation relative to the maximum radiation in its referenced lobe.

19



Ultra-Wideband Antennas

Field Regions

Field pattern

Field pattern

—

Antenna
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Field components
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\ ¥
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Fig 2.2. 3-D view of a common radiation pattern [26].

Minor lobes are undesirable and thus, have to be avoided or suppressed through careful
design of the antenna. Typical ratios of 20dB or more between the main lobe and the
sidelobes are achieved in antenna applications. Radar applications generally require

high ratios between the main lobe and the sidelobes to avoid false target indications.

The antenna is often assumed to be radiating in infinite free space. This free space can
be divided into three regions, known as, (a) reactive near-field, (b) radiating near-field
and (c) far-field (Fraunhofer) regions. These regions are used to define the regions in

which an antenna is to be characterized, depending on the parameters of interest.

The reactive-near field is defined as the region from the antenna where reactive fields

dominate the radiating field. The distance between the surfaces of the antenna to the
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outer boundary is commonly taken as R =0.62y/D’ /A for most antennas. The

wavelength is denoted by A and the largest dimension of the antenna by D.

The radiating near field region, which exists between the reactive near-field and the far
field regions, is defined as the immediate zone where radiating field begins to
dominate. However, its dominance does not go beyond the extent of defining
independence between the angular distribution of the radiating field and its distance

from the antenna (7). Thus, the usual antenna pattern can not be accurately obtained in

this region. Its inner and outer boundaries are taken as R > 0.62+/D’ /A and

R < 2D? / \ respectively.

Defined as the region beyond the reactive/radiating regions, the far-field (Fraunhofer)
region is described as the field region where the angular distribution of a field is
independent of its distance from the antenna (7). Thus, the reactive fields in this region
are deemed negligible. The inner boundary of this region is taken as R > 2D* / A . This

region is commonly used for obtaining radiation patterns of an antenna.

Beamwidth

The beamwidth is a measurement on the directiveness of a directional antenna. It is
defined as the angle between two half-power (-3dB) points on either side of the main
lobe. The antenna’s beamwidth is a function of gain, wavelength and its aperture. To
aid the understanding of the dependence of beamwidth on the wavelength and its
aperture, consider a segment of the antenna’s aperture shown in Fig. 2.3; maximum

radiation is produced in the direction when the EM waves are in phase (6 = 0). On the
other hand, nulls are produced when there is a phase difference of A/2 between each

wavefront corresponding to the points A to C. When viewed from its far-field, these
points interfere with their adjacent wavefronts destructively to produce a null in a
particular direction, normal to its boresight, denoted by 0. The first null in the radiation

pattern is thus given by,

21



Ultra-Wideband Antennas

2.6
sin@ = (2.6)

where A is the wavelength and L is the azimuth/elevation length of the antenna’s
aperture. Therefore, it can be seen that the first null beamwidth is 26. The general
relationship between the beamwidth, gain, wavelength and its aperture can be defined

through the gain of an aperture antenna, G, defined as,

30000 4nL L, 4md, @.7)

azel

“Vewaw,deg T R

where BW, and BW, are the beamwidths in the azimuth and elevation planes
respectively. The effective area of the aperture is denoted by 4, and is the

multiplication of both azimuth length L _ and elevation length L, of the aperture.

Antenna Boresight

Fig 2.3. Relationship between beamwidth and wavelength.
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Impedance

The antenna impedance often relates the transfer of power from the generator to the
antenna for a transmitting antenna and conversely, the transfer of power from the
antenna to the load when used as a receiver. Maximum power transfer can only be
achieved when the impedance of the antenna is matched to those of the load, which

requires the antenna impedance to be the complex conjugate of the load impedance.

For a UWB antenna used for GPR application, an impedance mismatch between the
antenna and its load results in serious ringing problems. In radar systems, ringing
usually leads to false indication of targets distortion of signals. Impedance matching
has been particularly difficult in UWB antennas, since its impedance has to remain
constant over a wide range of frequency. However, with careful design and employing
appropriate mechanisms, such as resistive loading [8], a good match can be achieved
over a wide range of frequency. Practical results with a reflection coefficient of -10dB
or lower are generally well accepted for most applications. For a 50€2 load, this means

an impedance value between 40€2 and 60€2.

2.2 Different Types of Wideband Antennas

2.2.1 Air-filled TEM Horn Antenna

The need for a wideband antenna with non-dispersive characteristic for UWB GPRs led
to the development of a TEM horn. Furthermore, the TEM horn provides higher gain
and directivity through its end-fire traveling wave structure. Since the TEM horn is
completely characterized by shapes and angles, it fulfills the criteria of a frequency
independent antenna. In addition, results have verified the truncation principle by

showing a decrease in current distribution away from its input terminals [9].

The basic structure of the TEM horn is fairly simple, with two isosceles triangular

plates separated by an elevation angle. The combination of the azimuth and elevation
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angles determines the impedance of the antenna. The real part of the impedance has to
be maintained at a matched over the desired frequency range to ensure minimum
ringing within the antenna. The lower cut-off frequency of the antenna generally puts a
minimum limit on its length. This length must be at least one half wavelength of the
lower cut-off frequency. As a result, the antenna is usually not practical for
conventional GPR systems for due to its excessive size requirements at low

frequencies.

The typical TEM horn is able to achieve a bandwidth of about 4GHz — 8GHz with
relatively good reflection coefficient. Despite its good performance over a large
bandwidth, various modifications on its design have been suggested to overcome

impedance matching problems and reducing dimensions. The more notable ones are the

tapered TEM horn and the dielectric TEM horn.

2.2.2 Vivaldi Antennas

The Vivaldi antenna, presented by Gibson [10] in 1979 paves a new channel for the
development of extremely wideband frequency independent antennas. Being
completely realized in microstrips, this antenna provides easy integration with other
microstrip circuits. Bandwidths of up to 800GHz have been reported when used as a
single traveling wave antenna [12]. However, its bandwidth reduces to about 2GHz —

5GHZ when employed in phased arrays for large aperture antennas.

The structure of the Vivaldi antenna resembles that of a 2-D tapered horn, realized on
microstrips. Its wave-guiding structure, such as slotline of microstrips, increases
exponentially towards the direction of propagation, thus forming a flared out structure
at its output terminals. Microstrips are usually used as the feed to the input terminals,
although recent studies show that a bandwidth of 10:1 is achievable using coax-to-
slotline transition. Very often, the method of excitation sets the limits of the antenna’s

bandwidth, rather the geometrical dimensions of its flare.
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Generally, the Vivaldi antenna operates in very high frequencies ranging fromlGHz -
18GHz. Their high bandwidth and simplicity in construction have made them popular
choices for many wideband applications. The downside of this antenna is its weak
structure, which requires a fair amount of support if the dimensions are large. It is also

subjected to dispersions [12].

2.2.3 Double Ridged Horns

Horn antennas are commonly used in microwave applications due to its simplicity in
construction, ease of excitation, high gain and preferred overall performance. However,
due to its limited bandwidth, the horn is unsuitable for wideband applications such as
the UWB GPR. This led to the development of the Double Ridged Horn, shown in Fig
2.6.

Fig 2.4. The double ridged horn antenna.

The bandwidth of a rectangular horn is determined by taking the difference between the
cut-off of the dominant mode, TE;y and the cut-off of its next highest mode. This
bandwidth is often limited by its lowest cut-oft frequency. Assuming the dimensions of

the horn remain unchanged, this bandwidth limit can be eliminated by introducing
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ridges inside the horn, as indicated in Fig 2.6. These ridges act like parallel-plate
waveguides, which allows TEM mode propagation within the horn. As a result, the
frequency of the dominant 7E;y mode reduces towards a zero frequency value when the
ridges converge towards the feedpoint. Contrastingly, the frequency of the next highest
mode increases as the ridges converge towards the feedpoint. This phenomenon

effectively increases the bandwidth of the antenna.

The loading of ridges in the horn poses another problem in its design: impedance. The
impedance of the ridge loaded horn generally limits its usable bandwidth, due to its
dependence on frequency. Thus, a compromise usually exists between a good

impedance match and a large bandwidth.

2.2.4 Spiral Antennas

The spiral antenna, sometimes also known as the log-spiral antenna or equiangular
spiral antenna, is shown in Fig 2.7. This antenna obeys the truncation principle of
frequency independent antennas. Its structure is completely defined by angles, thus

remains “effectively infinite” when truncated.

Fig 2.5. A typical wideband spiral antenna.

To achieve an equiangular structure, the angle between the tangent of the curve and the
distance from the center of the spiral to the point where the tangent is taken, has to be
constant throughout the structure. A change in wavelength, which corresponds to a

change its radial angle, ¢, is thus equivalent to a rotation if the spiral structure, with
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the shape remaining exactly the same. Therefore, the antenna is said to be independent

of frequency.

To drive the antenna, a source is connected at the origin of a log-spiral with four
spirals. Currents are found to be at its maximum at regions when its radius, » = A/2
and declines rapidly after that. Therefore, a practical antenna that is truncated at points
corresponding to » = A will still be “effectively infinite” based on the truncation

principle.

The size of the antenna, more specifically, its overall radius, determines the lower
frequency limit. On the other hand, its higher frequency limit is determined by the feed

of the structure. The antenna exhibits a bi-directional radiation pattern with a 3-dB

beamwidth of about 90°.

2.2.5 Vee-Dipoles

Linear Dipoles are essentially narrowband antennas; however, the bandwidth of such
antennas can be increased through distributed resistive loading, resulting in utilization
of a very wide bandwidth. Unfortunately, dipoles lack the directivity needed in
applications such as the GPR. Thus, the Vee-Dipole is introduced. With its enhanced

directiveness, the Vee-Dipole has been developed for use in GPRs for mine-detection.

Its design is fairly simple, with two cylindrical arms of length / and radius a, separated
at an interior angle o. The interior angle, which determines the geometrical “aperture”
of the antenna is a function of the electrical length of each arm, A/A. For proper
operation, this “aperture” must be larger than the dimensions of the target in order to
provide contrasts between the target and its background. Input impedances of the Vee-
Dipoles are highly dependent on its geometry and methods of excitation. As a result,

feedpoint matching could be difficult [13].
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2.2.6 Horn-Fed Bow-Tie Antennas

The Horn-Fed Bowtie antenna was developed to counter disadvantages in most GPR
antenna, such as low directivity, ringing, unstable input impedance and radio frequency
interference (RFI). This antenna is developed through modifications on a basic bowtie
antenna used in GPR applications. A bowtie antenna causes a fairly high amount of
ringing due to impedance mismatch at its feed. Matching the impedances between the
feed and the cable is hindered by the fact that the source of the bow-tie is in close
proximity with the ground. Moreover, due to its radiation patterns, the bow-tie is very
sensitive to RFI and other objects in the space directly opposite its main direction (in

this case, the ground). This led to the development of the Horn-Fed Bowtie antenna.

The basic structure of the Horn-Fed Bowtie consists of a dielectric filled TEM horn and
a bow-tie antenna at its aperture. The transition from the TEM horn to the bowtie is
tapered to avoid sudden changes in the impedance of the antenna. This dielectric filled
TEM horn essentially functions as an impedance matching section of the antenna. With
the addition of this horn, the feed is also moved away from the ground, thus easing its
feedpoint match. Dielectric filling with permittivity close to ground is added to the horn

to improve low frequency response and decreases RFI on the bowtie.

Results from this antenna have shown significant improvements in ringing over the
bowtie, thus improving its overall sensitivity. A wider bandwidth is also achieved with
this model [14]. However, this antenna is designed for use in applications requiring

close proximity between the antenna and the ground.

2.2.7 Ultra-Wideband Microstrip Quasi-Horn Antennas

This newly developed microstrip based antenna by Nguyen et al. [15] departs from the
traditional design of a TEM horn. Being completely realized on microstrip line, the
antenna requires no transition or balun at its input. Furthermore, microstrip circuits can

be fabricated together with the antenna through a photolithographic process.
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conductor

input port
h dielectric ‘J

Fig. 2.6. Microstrip quasi-horn antenna

The shape of the microstrip resembles that of a TEM horn, tapered to match the
impedance at free space. The antenna is designed in such a way that both transmitter
and receiver are separated by only a ground plane, with both microstrips lifted above
the ground plane by a dielectric (eg. foam) shaped in a particular way as illustrated in
Fig 2.8. This common ground plane acts as a shield between both microstrip quasi-horn

antennas, resulting in a high isolation between them [15].

This new design achieved relatively high gain at frequencies from 2.6GHz to 18GHz.
Despite its advantages, the antenna exhibits large gain variation, with relatively low
gain at the low frequency end [15]. Unfortunately, due to insufficient information on
the development of this antenna, this design only serves as a reference for evaluative

purposes.

2.3 Dielectric-Filled TEM Horns by Dr. Bart Scheers

This section presents a summary of Dr. Scheers’s PhD thesis on UWB GPR for
landmine detection. In his thesis, Dr. Bart includes the formulation of both air-filled
and dielectric-filled TEM horn. However, the design of the air-filled TEM horn is
aimed at achieving an impedance of 80Q instead of 50Q used for matching the

coaxial feed. The reason behind this particular choice of impedance value is due to the
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expected decrease in impedance due to dielectric filling for the design of the dielectric-
filled TEM horn.

Filling the TEM horn with dielectric introduces several changes to its propagation

characteristics. Firstly, the speed of wave propagation within the horn is reduced by a
factor of /&, , which in turn increases its electrical length by the same factor. As a

result of the decrease in propagation speed, the length of the TEM horn, which is

dependent on its wavelength, is reduced by the same factor. Furthermore, the

impedance of the antenna is also reduced by /€, . [4]. If the impedance of the air-

filled TEM horn is used, this reduction in impedance will allow further increase in its
elevation angle to compensate its effects, thus resulting in a narrower beamwidth. In
this thesis, the dielectric-filled TEM horn is preferred over its air-filled equivalent due
to its reduced physical dimensions and improved directivity. However, his claim on an
increase in directivity over the air-filled horn was refuted by Leat [16] who suggested
that directivity is dependent on the wavelength in the propagating medium instead of

the wavelength within the antenna.

Despite the advantages of the dielectric filled TEM horn over its air-filled counterpart,
there are foreseen problems on its application as an air-launched GPR antenna. The
dielectric horn is designed for a system that has the antenna operating in close
proximity to the ground. Thus, by matching the dielectric between the antenna plates
and the ground would ensure a smooth transition of EM waves between the antenna and
the ground. On the other hand, its performance as an air-launched GPR antenna would
cause a significant amount of reflection at the aperture when the EM waves make a

transition from the dielectric to free space.

2.4 Review and Conclusions

The above literature review describes various wideband antennas that have been

developed to be used with GPR systems. However, not all of them are suitable for use
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in a UWB GPR for de-mining operations. In this UWB GPR system, its antenna has to

satisfy several practical requirements listed below,

1. The antenna must be able to radiate or receive fast electromagnetic transients
within a spectrum of 800MHz and 6GGHz, which is the —3dB gain bandwidth.

2. The antenna should have relatively high directivity and achieve penetration
depth of at least 20 cm in lossy soil.

3. The construction of the antenna must be strong and durable to suit its operation
in rough terrain.

4. The antenna is to be connected to a 50€2 coaxial feed and has to be adequately

matched at its feedpoint to avoid problems due to reflection.

This set of specification narrows down the choice to both the air-filled and dielectric-
filled TEM horns due to their realizable bandwidths and high directivity. However, the
UWB GPR is an air-launched unit, which has the antenna mounted on a mobile unit,
with the antenna generally facing the horizontal direction. Clearly, the TEM horn with
dielectric filling will not result in smoother transition of EM waves between the
antenna and the ground by matching their dielectric properties. Therefore, the air-filled

TEM horn is chosen as the design for this thesis.

2.5 Summary

A frequency independent antenna is defined as an antenna that exhibits constant
performance with frequency. However, practical frequency independent antennas
operate over a finite range of frequencies, with variations in its antenna parameters such
as gain, radiation patterns and impedance. These common antenna parameters are
described in this chapter will be used extensively in the design of the TEM horn. A
literature review of some commonly used UWB antennas, reveal that the air-filled

TEM horn is best suited for this UWB GPR system used for landmine detection.
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Chapter 3. The TEM Horn

3.1 Design Brief of a TEM Horn

From the literature review of the previous chapter, the TEM horn has been chosen as
the design for the UWB GPR system. Two of these identical TEM horns will be
designed and constructed to be used in the UWB SF-GPR system from the UQ Mining

Research Group.

Due to its frequency independent characteristics, parameters such as gain and radiation
patterns generally do not vary much over a wide range of frequency. That leaves the
impedance as the only parameter that affects the performance of the antenna. The
impedance here means the impedance response in frequency domain and the term
impedance frequency response will be used throughout this thesis. In order to avoid
ringing in the antenna, a good match between the impedance frequency response and
the impedance with the input coaxial cable is required. Reflections occur when there is
a mismatch within its operating frequency range, resulting in ringing within the

antenna.

In our study, the TEM horn will be designed based on a set of dimensions obtained
through theoretical calculations. Through experimentation and intuitive reasoning, a
series of iterations on dimensional changes on the antenna will be simulated in a

software simulation package to achieve the desired performance.
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3.2 Analytic Theory of the TEM Horn

3.2.1 Ultra-Wideband Characteristic of the TEM Horn

The performance of the TEM horn is defined as frequency independent as it satisfies
the criterion of a frequency independent antenna, which states that an antenna is
defined as being frequency independent if its performance can be fully characterized by
its shapes and angles. Furthermore, it also satisfies the truncation principle, thus

realizing its potential as an ultra-wideband antenna.
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Fig 3.1. Block diagram of the object detection process and the effects of

each stage on the transmitted pulse.

The study on UWB TEM horns requires thinking beyond those of conventional antenna
analysis. Modeling and analysis of these antennas are not easily achievable through
conventional antenna equations. Due to their extreme wide bandwidths, these antennas
generally transmit non-sinusoidal wave signals, also known as impulse radiation. The
transient signal conditions found in impulse waveforms changes with time, thus, it is

easier to characterize such antennas in the time domain. The path taken by the
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transmitted impulse signal from the transmitter to its receiver generates a huge amount
of change in the signal shown in Fig 3.1. Each stage acts like a filter and their changes
are characterized by their impulse response. The radar’s ability to pick up a target will
be directly dependent on changes incurred in these filters. Since there is little one can
do to the impulse response of atmosphere-to-ground interface, all efforts will be placed

on preserving the integrity of the transmitted pulse through the TEM horn.

3.2.2 Analysis of a Basic TEM Horn Design

The basic structure of the TEM horn consists of triangular conductive plates, separated
by an elevation angle, essentially forming a 3-dimension “V” shape. Its feedpoint is
located at the narrowest point between the two plates and its end-fire structure results in
a directive antenna with relatively high gain [17]. The TEM horn can be seen as a
parallel plate transmission line. Thus, by proper choice of dimensions and methods of
excitation, the antenna can be designed to transmit only using TEM mode. In the pure
TEM mode, the velocities of all frequency components are constant, which means that
all the frequency components generated at its feedpoint will arrive at the aperture at the
same time, giving the antenna a non-dispersive characteristic. However, at high
frequencies, higher modes starts to appear, thus reducing the performance of the

antenna.

Owing to its frequency independent characteristic, the operating frequency range, input
impedance and aperture size generally determines the dimensions of the TEM horn.

The three main parameters are given by,

- L = Length of the antenna plates at its boresight.
- o= The azimuth half angle of the antenna plates

- f =The elevation half angle between the antenna plates
The length of the antenna plates determines the lowest cut off frequency of the antenna.

This length must be at least one half the wavelength of the corresponding frequency.

Although the TEM horn is said to be radiating TEM waves, it is capable of supporting
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higher modes with suitable dimensions and excitation. In our purpose however, the
higher modes are suppressed to avoid effects of dispersion. The higher cut off

frequency for a TEM horn-like structure is given by,

Mo = 0

n 3.1
where B is the separation between the plates and » is the mode number of the
corresponding TE and TE modes. From (3.1), the highest cut off frequency is inversely
proportional to the separation between the plates for a given mode. In practice, higher
modes exist and often limit the performance at higher frequencies. Therefore, to
achieve a higher cut off frequency, the separation between the plates has to be at its
minimum, which corresponds to the separation at its feedpoint. The preciseness on the

construction of the feedpoint will thus affect its performance at the higher frequencies.

The azimuth and elevation angles of the horn define the impedance of the antenna. To
illustrate this relationship, the antenna is seen as a series of parallel transmission line,
with flared dimensions at its aperture. Thus, an approximate analysis on its impedance
performance can be achieved using microstrip theory. As can be seen from Fig 3.2 the
TEM horn is symmetrical about its x-plane. This model can be simplified by replacing
an infinite ground plane on the x-plane. The resulting antenna is formed by the top half
of the TEM horn and the infinite ground plane, separated by half the elevation angle of
the original horn. With the infinite ground plane, the top plate of the TEM horn casts an
exact image on the other side of the x-plane, effectively acting as a TEM horn. This
“TEM horn” is then divided into infinitely thin segments. From microstrip theory, these
segments are seen as a series of microstrips filled with free-space, each with different
width and height corresponding to the characteristic impedance as shown in Fig 3.2.
Thus, constant impedance throughout the entire length of the antenna can be achieved

by keeping the width-height ratio (w/h) constant.

35



The TEM Horn
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Fig 3.2. Creating a TEM horn using an infinite ground plane and defining

its w/h relationship.

Maintaining constant impedance throughout the operating bandwidth of the antenna is
critically important as a mismatch will cause severe signal degradation due to ringing.
Ringing can result from mismatches within the antenna or at any abrupt changes in the
transmission medium, such as the antenna-to-free-space interface. When there is a
mismatch within the horn, a fraction of the EM wave will be reflected near its aperture
back towards the feedpoint, which will in turn reflect a fraction of the wave back
towards the aperture. This resonant behavior, if occurred at a large magnitude, will
cause severe distortion in the transmitted impulse signal. As a result, the signal received
from the receiving antenna may not give an accurate representation of the detected
object. Various schemes have been developed to reduce the reflections at the aperture
using a combination of resistive loading and shaping of the plates of the TEM horn.
However, employing resistive loading methods generally reduces the efficiency of the

antenna.

3.2.3 Effects of Dimensional Changes in the TEM Horn

From the previous section, one can see that the performance of the TEM horn is
directly dependent its dimensions. The length of the antenna plates, which correspond
to the scale factor of the horn, determines its lowest cut-off frequency. Increasing this
length results in a scaling effect on the frequency response of the antenna, where its

frequency response will be shifted towards the lower end by the same factor.
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The impedance of the antenna is directly dependent on its width-to-height ratio (w/h).
In order to maintain constant impedance, the azimuth and elevation angles must be kept
constant throughout. The change in impedance due to the change in dimensions can be
explained using simple microstrip theory. By keeping all other parameters constant, an
increase in the azimuth angle, which corresponds to the increase in width in the
microstrip model, results in a decrease in impedance. Conversely, the same effect can
be achieved by decreasing its elevation angle, which corresponds to the decrease in

height in the microstrip model.

Although the gain and beamwidth of a frequency independent antenna usually do not
vary much over a wide range of frequencies, they are still dependent on the overall
dimensions of the antenna. As mentioned earlier, these parameters can be related to
each other by (2.7). In practical TEM horn antennas, its beamwidth exhibits a very
wide beamwidth at low frequencies. This can be explained by the fact that the lower
frequencies effectively see the antenna as a dipole, since the length of its plates is one
half the wavelength of its lowest frequency. Therefore, a much lower gain is expected
at low frequencies than those in the higher frequency range, where the antenna exhibits
a more constant gain frequency response. In addition, the beamwidth also depends on
the aperture size, which is directly proportionally with the w/h ratio. Therefore, a direct

relationship can be drawn between the gain frequency response and the w/h ratio.

3.2.4 The Wideband Balun

The TEM horn is essentially a balanced antenna. It can be seen as two conducting
transmission lines terminating at free space. However, the 50€2 coaxial cable used as its
feed is an unbalanced medium. By terminating the coaxial feed with a balanced
antenna, the difference in coupling between the core and outer part of the coaxial to the
antenna results in a net flow of current to the ground through the outer layer of the
cable. This excess current flow effectively turns the cable into an antenna, which results
in undesirable radiation near its feedpoint. Thus, a balun (balanced to unbalanced) is

introduced to provide matching for both modes.
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The basic function of a balun is to shunt or dissipate excess current that results from an
unbalanced feed to a balanced load. In literature, many baluns has been designed and
widely discussed. However, only few operate beyond the UHF region and are
broadband [18], [19]. A wideband balun can be achieved by connecting the inner
conductor of the coaxial line to the upper plate of the TEM horn and the outer
conductor to an enlarged lower plate shown in Fig 3.3. The expanded lower section acts
as a ground plane for the top plate, realizing this section as an unbalanced antenna.
Subsequently, a gradual change into the balanced structure completes its transition.
This change in geometry allows the excess current to be dissipated through the
expanded ground plane, thus giving the unbalanced feed a gradual transition to a

balanced load [4], [7].

(2) (b)

Fig. 3.3. (a) Unbalanced configuration (b) Balanced configuration [4]
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3.3 Design Methodology of the TEM Horn

The 3 Design Phases

Various approximations on the analysis of TEM horns have been discussed in the
recent years. Most approximations discussed in literature involve complex and tedious
calculations. However the results provide only qualitative agreement with experimental
measurements. Thus, most designs on the TEM horn have been largely based on
empirical methods. Here, the design process of the TEM horn is divided into three
phases. Each phase sees a model with improved performance over its predecessor. The
three models are namely, the basic TEM horn, the TEM horn with balun and the TEM
horn with non-triangular structure. These models will be simulated using the HFSS

simulation package.

(2) (b)

Fig 3.4 Initial design of the TEM horn used in Phase 1. (a) Top view (b)

Side view.

The first phase of the design process uses the basic TEM horn structure shown in Fig
3.4. This design consist of two triangular conductive plate separated by an elevation
angle at its feedpoint. From the previous section, it is clear that by using the microstrip
model of the antenna, the azimuth angle o can be determined using its w/k ratio and

elevation angle f [20], [21],
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_ i
o = 2arctan[ o sin(B / 2)} (3.2)

where the value of w/h for a 50 impedance is approximately 4.80 [20]. Using the
same angles defined in [20], the azimuth angle a is found to be 67°, corresponding to
an elevation angle £, of 32°. The separation between both plates at its feedpoint
determines the highest operating frequency. To avoid higher modes in the horn, the
minimum separation between the plates from (3.1) should be no larger than 25mm at a
frequency of 6GHz. However, in our application, there is no need for a higher cut off
frequency; therefore a separation distance of 1mm is used. The length of the antenna
plates at boresight is determined by at least one half wavelength of its lower cut-off
frequency, which corresponds to 187mm for a frequency of 800MHz. Using this basic
model, the azimuth and elevation angles will be modified to provide the best impedance

match throughout the operating range of frequencies.

In the second phase, a wideband balun will be integrated with the antenna as shown in
Fig 3.5. This high frequency balun will ensure a gradual transition between the
unbalanced feed and the balanced antenna, eliminating any net flow of current. To
simulate the effectiveness of this balun, the antenna will be simulated with a piece of

cylindrical structure at its feed.

(2) (b)

Fig 3.5 Design of the TEM horn used in Phase II. (a) Top view (b) Side

view.

40



The TEM Horn

The addition of the wideband balun sees a change in dimensions of the antenna near its
feedpoint. This enlarged lower plane acts as an image plane to the unbalanced section
of the antenna. Effectively, this doubles the distance between both plates. As a result,
the w/h ratio is halved, which corresponds to an increase in impedance. However, the
impedance increase of a microstrip model does not follow a linear pattern, thus a
twofold increase in impedance is only used as an approximation. Since the balun is
located near the feedpoint, this increase in impedance will mainly affect the impedance
at its higher frequencies. The final phase includes changes to the overall shape of the
horn. In this phase, the top plate is shaped in a particular way shown in Fig 3.6 to

compensate the effects of the balun.

(2) (b)

Fig 3.6 Design of the TEM horn used in Phase III. (a) Top view (b) Side

view.

3.4 Summary

The design of a basic TEM is fairly simple; however, this basic design is incapable of
matching the input impedance of the antenna. This mismatch results in ringing in the
antenna, which is highly undesirable in GPR systems. An analysis of the TEM horn can
be approximated using microstrip theory. By dividing this antenna into infinite
sections, the impedance of the antenna can be modified with respect to changes in its
w/h ratio. However, this approximation is not expected to give very accurate results,
therefore, the design of the TEM horn will be fully based on experimental models.

Three phases of design, each with a unique modification, will be implemented in the
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design process. Through these design phases, a balun will be added to match the
unbalanced feed, while a non-triangular plate is introduced to compensate the effects of

the balun.
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Chapter 4. Design and Simulation Results

4.1 Simulations using HFSS

Throughout the design of this antenna, a software simulation package is used to provide
a prediction on the performance of the actual antenna before its construction. HFSS,
developed by Agilent Technologies for modeling microwave structures as well as
antennas, is used to model the TEM horn throughout its whole design process. The

main parameters of interest in a TEM horn are:

- Gain
- Radiation patterns (E and H planes)
- Beamwidth

- Reflection coefficient (S;,)

Besides these parameters, HFSS also displays graphical animation of the antenna

radiation.

The TEM horn model is drawn in HFSS using dimensions defined in the previous
chapter, where L = 187mm, o = 69°, f = 32° and the feedpoint separation, B = 1mm.
Before running the simulation, the software requires a boundary to be defined. A

cylindrical boundary is used to simulate the far-field radiation boundary of the antenna.
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In HFSS, this boundary must be defined at least a quarter wavelength away from the

edges of the antenna.

As the TEM horn operates in an extremely wide frequency range, the abovementioned
parameters are simulated at different points in its frequency range to give its frequency
response. This can be achieved using two different methods, both with different
requirements of computing power. The first method uses a user-defined number of
frequency points in either linear of log scale, where HFSS generates results for the gain
and reflection coefficients in these frequency points. The downside of this method is
that the accuracy of its actual frequency response depends on the number of points
defined. Through interpolation between the points, the results tend to show a smoother
effect than it actually is. On the other hand, the second method uses a fast frequency
sweep. This method allows HFSS to sweep through a user-defined range of
frequencies, concentrating on areas with more changes, providing a more accurate
representation of the simulated parameters. However, this method requires a
comparatively huge amount of computing power. A comparison between both methods
shows that simulations running with 10 log points between 400MHz and 10GHz
produce relatively accurate results. Therefore, throughout the whole design process, all

the models will be simulated using 10 log points between its 400MHz and 10GHz.

The simulation runs in a series of iterations, with a finer mesh defined for every
succeeding one. Running a simulation on a finer mesh uses higher computing power,
very often resulting in insufficient memory. On the other hand, insufficient number of
iterations produces inaccurate results. One way of keeping the computing power at
minimum while achieving a high level of accuracy is by introducing symmetry planes

to the antenna models.

Recall that a basic TEM horn made up of two equal isosceles triangles is a symmetric
about the E-plane and H-plane. Taking advantage of its symmetrical structure, a
symmetry plane is introduced in HFSS to reduce the amount of computing power
needed. A symmetry plane in HFSS is essentially an infinite plane defined by the user.
When introduced to the E-plane, only the top half of the TEM horn is needed to

generate similar results in a full TEM horn as the symmetry plane simulates an infinite
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ground plane, thus, creating an exact image of the top half of the antenna. Similarly, a
symmetry plane at the H-plane produces the same image effect. Effectively, this
reduces the antenna size by four times, resulting in a great reduction of simulation time.
However, in the second and final phases of the design, only symmetry in the H-plane is

achieved due to the inclusion of the wideband balun.

All simulated results obtained in HFSS are readily available, with the exception of
impedance. Due to a bug in the software package, the impedance has to be calculated
using the reflection coefficient (S;;). Post processing on reflection coefficient is
accomplished by calculating its real impedance using equations described in Appendix
A. Other parameters such as gain, beamwidth and radiation patterns are taken directly
from the HFSS console. It is later noted that the gain given in the HFSS console is not
taken from its boresight, as HFSS makes no distinction between the boresight and the
rest of the antenna. Instead, HFSS calculates gain with reference from its peak value
regardless of direction. In Chapter 5, an approximate gain taken from its boresight will
be included in the gain frequency response plot of the final design to show the

discrepancies between both gains.

4.2 Numerical Simulations and Design Process

The results of the simulations are presented in the order of their corresponding phases.
The frequency response plots on impedance, |Z|, reflection coefficient, || and
beamwidth will be presented in this section. The real impedance performance and the
reflection coefficient are just different representations of the same data. However, the
reflection coefficient takes into account of the comparison between the actual
impedance and the load impedance. It should be noted that all the values in the
radiation pattern plots are +20dB higher when plotted with MATLAB. A summary of

the dimensional parameters are presented in Table 4.1.
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s | 5|2
Legend % :‘5 é 'g § =
£ 2 |3 2| 8
TEM Horn (tri/flat/69/32/4/nobal) tri flat 69 | 32 | 4 no
TEM Horn (tri/flat/69/32/1/nobal) tri flat 69 | 32 | 1 no
TEM Horn (tri/flat/43/18.9/1/nobal) tri flat 43 | 189 1 no
TEM Horn (tri/flat/52.4/23.7/1/nobal) tri flat | 52.4 [23.7| 1 no
TEM Horn (tri/flat/63.6/32/1/nobal) tri flat | 63.6 | 32 | 1 no
TEM Horn (tri/flat/70.2/32/1/nobal) tri flat | 702 | 32 | 1 no
TEM Horn (tri/curve/69/32/1/nobal) trt |curved | 69 | 32 | 1 no
TEM Horn (tri/flat/69/32/1/smlbal) tri flat 69 | 32 | 1 |small
TEM Horn (tri/flat/69/32/1/bigbal) tri flat 69 | 32 | 1 | big
TEM Horn (tri/curve/69/32/1/bigbal) tri |curved | 69 | 32 | 1 | big
TEM Horn (tri/curve/69/20/1/bigbal) tri |curved | 69 | 20 | 1 | big
TEM Horn (tri/curve/73.1/32/1/bigbal) tri | curved | 73.1 | 32 | 1 | big
TEM Horn (tri/curve/100/32/1/bigbal) tri | curved | 100 | 32 | 1 | big
TEM Horn (non-tri/curve/69/32/1/bigbal) n?r?- curved | 69 | 32 | 1 | big
TEM Horn (non-tri/curve/69/20/1/bigbal) n?r?- curved | 69 | 20 | 1 | big

Table 4.1. Summary of the changes in dimensional parameters for the

TEM horn. The legend will be used in all the frequency response plots.

4.2.1 UWB TEM Horn Design: Phase I

The first phase of the design mainly sees the effects of the change in angular
dimensions of the basic TEM horn. Contrasting results have been obtained through the
change in feedpoint separations, the azimuth and elevation angles. The results from this
phase verify the theories discussed in the previous chapter. A clear understanding on
the design implications of this phase will aid the design of the TEM horn in the next

phase.
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Comparison between TEM Horns with Different Feed Separation

As mentioned in the earlier sections, the mode suppression of the TEM horn depends
on the separation between its feedpoint. From (3.1), it can be seen that the separation
between the feedpoint must be less than 25mm. In theory, a small separation produces
high cut-off frequency. In this section, two different separations of Imm and 4mm with

same azimuth and elevation angles are simulated.

The simulation results in Fig 4.1 show a wider frequency response in the model with a
Imm separation. As suggested by theory, the model with a larger separation suffers
from a gain drop at about 7.5GHz, which indicates its higher cut-off frequency. In Fig
4.3, the model with a 1mm separation also shows a better match to a 50Q load
compared to the model with a larger separation. This could be due to the accuracy of
the w/h, especially at the feedpoint, where the difference in the separation is more
pronounced in the w/h ratio. The model with a larger separation also produces a fair

amount of reflection throughout the range of 400MHz to 10GHz.

From this simulation, it can be seen that a feedpoint separation of Imm produces better
performance in terms of gain and impedance response. This separation distance is not
further reduced as its physical construction may be hard to realize. Therefore, all the
subsequent models in the design process will be based on a feedpoint separation of

1mm.
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Gain Frequency Response (dB)

Frequency (GHz)

0 1 2 3 4 5 6 7 8 9 10 11
14 . . . . . . . . . .

Gain (dB)

—— TEM Horn (tri/flat/69/32/1/nobal) —— TEM Hom (tri/curve/69/32/4/nobal)

Fig 4.1 A comparison of gain frequency response between the simulated

models with a feedpoint separation of Imm and 4mm.

Reflection Coefficient Frequency Response

Frequency (GHz)

0 1 2 3 4 5 6 7 8 9 10 11
0 . . . . . . . . . .

Reflection Coefficient I' (dB)

——TEM Homn (tri/flat/69/32/1/nobal) —— TEM Homn (tri/flat/69/32/4/nobal)

Fig 4.2 A comparison of reflection coefficient frequency response
between the simulated models with a feedpoint separation of 1mm and

4mm.
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Impedance Frequency Response
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\— TEM Hom (tri/fiat/69/32/1/nobal) —— TEM Horn (tri/flat/69/32/4/nobal) \

Fig 4.3. Impedance |Z| frequency response for TEM horns with a

feedpoint separation of Imm and 4mm.

Comparison between TEM Horns with Same w/h ratio, using Different Angles

From microstrip theory, it is known that the impedance of the TEM horn is dependent
on the w/h ratio. The TEM horn is an aperture antenna, thus the size of the aperture
directly affects the performance of the horn. The azimuth and elevation angles define
the size of the aperture, which affects the w/h ratio, thus its impedance. This ratio can
be kept constant by adjusting both azimuth and elevation angles accordingly using
(3.2). Using w/h = 4.8, two models with different aperture sizes are simulated. The first

model uses a = 69° and f = 32°, while the second model uses & = 43° and f = 18.9°.

The results in Fig 4.4 show that the smaller horn exhibits a lower gain frequency
response over a band of 10GHz. This result is expected as the reduced aperture results
in a wider beamwidth, which decreases the overall gain frequency response. In its
impedance performance shown in Fig 4.6, the smaller horn exhibits lower impedances
in the low frequency range. However, its impedance increases above 2.7GHz. Similar

simulations using a fixed azimuth angle and reduced elevation angle produces similar
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impedance performance. Thus, it can be concluded that a decrease in elevation angle

reduces the impedance at lower frequencies.

Gain Frequency Response (dB)

Frequency (GHz)

0 1 2 3 4 5 6 7 8 9 10 11
14 I I I I I I I I I I

Gain (dB)

\— TEM Horn (tri/flat/69/32/1/nobal) —— TEM Horn (tri/curve/43/18.9/1/nobal) \

Fig 4.4. Gain frequency response for TEM horns with same w/h ratio

using different azimuth and elevation angles.

Reflection Coefficient Frequency Response

Frequency (GHz)
0 1 2 3 4 5 6 7 8 9 10 11
0 . . . . . . . . . .

2
o
z

o 4
€
[}

5 6
=
[}
Q

o -8
(=
]

g -10
4
Q
12

-12

14

—— TEM Horn (tri/fiat/69/32/1/nobal) —— TEM Horn (tri/flat/43/18.9/1/nobal)

Fig 4.5. Reflection frequency response for TEM horns with same w/h

ratio using different azimuth and elevation angles.
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Impedance Frequency Response
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Fig 4.6. Impedance |Z| frequency response for TEM horns with same w/h

ratio using different azimuth and elevation angles.

Fig 4.7. H-plane radiation pattern for TEM horn with a = 69, f = 32 at
2.4GHz (left) and 5GHz (right). These values are expressed in
Gaint+20dB.
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Fig 4.8. Radiation pattern for TEM horn with a = 43, f = 18.9 at 2.4GHz
(left) and 5GHz (right). These values are expressed in Gain+20dB.

From the radiation patterns shown in Fig 4.7 and Fig. 4.8 for both horns, the smaller
horn results in a narrower beamwidth with the increase in frequency. Ideally, the
antenna 1s desired to exhibit a narrow beamwidth. However, this requirement is
reversed when the SAR is used. By taking the average of multiple measurements across
the area of detection, the SAR effectively behaves like an antenna with an extremely
large aperture, thus a wide beamwidth will allow the SAR to collect more samples from

a target.

Comparison between TEM Horns with Increased w/h ratio

As mentioned in the preceding chapter, the impedance of the TEM horn can be reduced
by increasing its w/h ratio, which means an increase in the azimuth angle or decrease in
the elevation angle. From the results of the initial design, it is apparent that some
modifications have to be made to achieve a better impedance match. Results from these
modifications will be used to isolate the effects of the changes in the w/h ratio on the

antenna performance.
Three models with fixed elevation angle of, f = 32°, and azimuth angles of 69°, 70.2°

and 78° are simulated in HFSS and the results shown in Fig 4.9. A 2dB decrease in gain

is observed in the model with a = 78° above SGHz. From Fig 4.11, is can also be seen
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that the increase of w/h through an increase in azimuth angle results in a decrease in
impedance at frequencies below 6GHz, above which the impedance begins to increase

with frequency.

Gain Frequency Response (dB)

Frequency (GHz)

0 1 2 3 4 5 6 7 8 9 10 11
16 I I I I I I I I I I

Gain (dB)

—— TEM Hom (trifflat/69/32/1/nobal) —— TEM Hom (tri/curve/70.2/32/1/nobal) —— TEM Horn (tri/curve/78/32/1/nobal)

Fig 4.9. Gain frequency response for TEM horns using different w/h

ratio.
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Fig 4.10. Reflection frequency response for TEM horns using different

w/h ratio.
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Impedance Frequency Response
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Fig 4.11. Impedance |Z| frequency response for TEM horns using

different w/h ratio.

The radiation plots in Fig. 4.12 shows similar results for the initial design in Fig 4.7.
The small change in azimuth angle did not result in a significant change in its radiation
pattern compared to the change in its impedance frequency response. On the other
hand, at an azimuth angle of 78°, the TEM horn produces lesser sidelobes as shown in
Fig 4.13. Overall, the radiation patterns did not vary much with relatively small change

in azimuth angles.
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Fig 4.12. Radiation pattern for TEM horn with a = 70.2, f = 32 at
2.4GHz (left) and 5GHz (right). These values are expressed in
Gaint+20dB.

Fig 4.13. Radiation pattern for TEM horn with a = 78, f = 32 at 2.4GHz
(left) and 5GHz (right). These values are expressed in Gain+20dB.

Comparison between TEM Horns with Curved Structure at Mouth

Having defined the angles of the horn, a curved structure is introduced to the flared end
of its plates. If the azimuth angle is increased significantly, the EM fields at the edge of
the horn take a longer time to radiate into free space than those near its boresight.
Moreover, the lower cut-off frequency is determined by the length of the antenna
plates; a flat edge at the mouth of the horn means that the lengths at the edges are
longer than that from the boresight.
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Results in Fig 4.14 show almost similar results in its gain frequency response with that
without the curved structure. On the other hand, the impedance frequency response in
Fig. 4.16 shows a significant reduction in reflection in its low frequency range. This
phenomenon however reverses at about 1.5GHz, where its impedance begins to

increase as a function of frequency.

Gain Frequency Response (dB)

Frequency (GHz)
0 1 2 3 4 5 6 7 8 9 10 11

Gain (dB)

—— TEM Homn (tri/flat/69/32/1/nobal) —— TEM Horn (tri/curve/69/32/1/nobal)

Fig 4.14. Gain frequency response for TEM horns with curved structure

at mouth.
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Reflection Coefficient Frequency Response

Frequency (GHz)
0 1 2 3 4 5 6 7 8 9 10 11

Reflection Coefficient I' (dB)

—— TEM Horn (tri/flat/69/32/1/nobal) —— TEM Horn (tri/curv/69/32/1/nobal)

Fig 4.15. Reflection coefficient frequency response for TEM horns with

curved structure at mouth.
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Fig 4.16. Impedance |Z| frequency response for TEM horns with curved

structure at mouth.
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Fig 4.17. Radiation pattern for TEM horn with curved structure at mouth
at 2.4GHz (left) and 5GHz (right). These values are expressed in
Gain+20dB.

Summary

The initial model with parameters from [20] shows relatively high reflection and
impedance throughout the entire range of frequencies. From all the results obtained in
this phase, two methods of reducing the impedance from the initial model have been
achieved. The impedance has shown a significant reduction at its lower frequencies by
increasing the w/h ratio and including a curved structure at its flared end. Employing
the curved structure into the initial design is used as the primary modification for the

next phase with the w/k ratio providing a 2™ degree of freedom in impedance matching.

4.2.2 UWB TEM Horn Design: Phase I1

Comparison between TEM Horns with Different Baluns

In the second phase, the wideband balun is incorporated into the design to reduce the
net flow of current during the transition between the unbalanced medium to the
balanced antenna. The balun is located near the feedpoint, where the section with the
enlarged lower plate behaves like an unbalanced antenna. The transition of modes

completes when the enlarged section gradually shapes towards the dimensions of a
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balanced antenna. In this phase, two models using the initial design with balun radius or

4cm and 6¢m are simulated.

Comparison of the results shows a better performance in the impedance frequency
response at the high frequency region with the larger balun. This is due to the fact that a
larger area is used for current dissipation, which generally affects only the impedance
performance at high frequencies, since their wavelengths are relatively smaller than the
size of the balun. Furthermore, the inclusion of the balun also results in a significant

drop in the “peak” at about 600MHz in the impedance frequency response.

The radiation patterns between both models show almost similar characteristics, since
the change in balun dimensions does not really affect the size of its aperture. However,
comparison with the model without the balun shows a significant increase in sidelobes

at 2.4GHz and a slight drop in boresight gain at SGHz.

Gain Frequency Response (dB)
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\ — TEM Hom (tri/flat/69/32/1/smibal) —— TEM Hom (tri/flat/69/32/1/bigbal) \

Fig 4.18. Gain frequency response for TEM horns with different balun

dimensions.
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Reflection Coefficient Frequency Response

Frequency (GHz)
0 1 2 3 4 5 6 7 8 9 10 11

Reflection Coefficient I' (dB)
©

—— TEM Horn (tri/flat/69/32/1/smlbal) —— TEM Horn (tri/flat/69/32/1/bigbal)

Fig 4.19. Reflection coefficient frequency response for TEM horns with

different balun dimensions.
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Fig 4.20. Impedance |Z| frequency response for TEM horns with different

balun dimensions.
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Fig 4.21. Radiation pattern for TEM horn with balun radius = 4cm at
2.4GHz (left) and 5GHz (right). These values are expressed in
Gaint+20dB.

Fig 4.22. Radiation pattern for TEM horn with balun radius = 6cm at
2.4GHz (left) and 5GHz (right). These values are expressed in
Gaint+20dB.

Comparison between TEM Horns with Increased w/i with Balun

In this phase, the dimensions of the horns are changed by increasing their w/h ratio

using the model with the balun with a radius of 6cm and a curved structure at its flared

end. With the inclusion of the balun, a drop in impedance frequency response is

achieved. Thus, the aim of this phase is to further reduce the impedance towards 50€2

by changing its w/h ratio as mentioned in the preceding section. These values are

chosen in increasing steps from the initial w/h value of 4.8. The following w/h ratio of
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5.4 and 8.6 for increased azimuth angles and 7.9 for decreased elevation angles are

used in the simulation.

Simulation results from HFSS shows varying effects for different adjustments in the
w/h ratio. The simulation results shows some unexpected outcomes as an increase in
w/h did not improve the impedance response at frequencies below 1GHz, which has
been the case for the models without the balun. At 2GHz, the reflection coefficient
decreases with an increase in w/h, which are in good agreement with the theory. With
frequencies between 3 — 5GHz, the impedance shows almost similar response for all the

designs with increase w/h ratios, after which the impedance increases for models with

higher w/h ratios.
Reflection Coefficient Frequency Response
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Fig 4.23. Reflection coefficient frequency response for TEM horns with

different w/h ratios.
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Impedance Frequency Response
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Fig 4.24. Impedance |Z| frequency response for TEM horns with different

w/h ratios.

Summary

A general relationship can be derived from these results, although they did not show
complete linear relationship between its impedance frequency response and its
dependence on the w/h ratio across the entire range of frequencies. Results obtained in
this phase show a trade-off in achieving a perfect impedance match between the lower
and higher frequency range by using a higher w/h ratio. This leads to the development

of the TEM horn using non-triangular plates.

4.2.3 UWB TEM Horn Design: Phase 111

Comparison between TEM Horns with Triangular and Non-Triangular Plates
Simulations results from the preceding phases show that a conventional TEM horn

design with two triangular shaped plates is unable to achieve a desired performance

within the specified frequency range from 800MHz to 6GHz. From the preceding
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section, the model with an added balun exhibits contradicting impedance performance
between 400MHz to 10GHz. These results show a rising trend in the impedance
response at high frequencies, while its impedance at lower frequencies generally
produces more consistent response. Thus, non-triangular shaped plates are introduced
to reduce the effects by the balun, which is responsible for the rise in impedance at high
frequencies. As mentioned before, the higher cut-off frequency of the TEM horn
depends on the construction of the feed, where the region around the feedpoint
determines its performance at high frequencies. The inclusion of the wideband balun
increases the impedance response of the horn at high frequencies since the balun
effectively halves the w/h ratio of the antenna near the feedpoint. In order to
compensate this effect, a larger w/h ratio is required between the top plate and its
image. Thus, the plates are shaped in a particular way shown in Fig 3.6. This bell
shaped plates sees a gradual increase in the width of the w/h ratio from the mouth of the

horn to its feedpoint.

A comparison between the simulation results between the triangular and non-triangular
shaped horn shows a significant increase in performance in impedance response over
the entire frequency range. Results show that the impedance fluctuates between 45Q
and 55Q from 800MHz to 6GHz. This results in less than -10dB of power reflected
within the antenna. However, the gain suffers from a slight reduction of about 2dB
between 3 — 4GHz. The radiation pattern shown in Fig. 4.29 also shows about 3dB
decrease in gain at its boresight at SGHz. Nonetheless, the non-triangular TEM horn

model produces excellent matching for a very wide range of frequency.
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Gain (dB)

Gain Frequency Response (dB)

Frequency (GHz)
1 2 3 4 5 6 7 8 9 10 11

—— TEM Hom (tri/curve/69/32/1/bigbal) —— TEM Horn (non-tri/curve/69/32/1/bigbal)

Fig 4.25. Gain frequency response for TEM horns with triangular and

non-triangular shaped plates.
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Fig 4.26. Reflection coefficient frequency response for TEM horns with

triangular and non-triangular shaped plates.
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Impedance Frequency Response
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Fig 4.27. Impedance |Z| frequency response for TEM horns with

triangular and non-triangular shaped plates.

Fig 4.28. Radiation pattern for TEM horn with triangular plates at
2.4GHz (left) and 5GHz (right). These values are expressed in
Gaint+20dB.
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Fig 4.29. Radiation pattern for TEM horn with non-triangular plates at
2.4GHz (left) and 5GHz (right). These values are expressed in
Gaint+20dB.

Summary

From the simulation results, this TEM horn design exhibits a very good match with the
50Q input coaxial cable and relatively constant gain between 800MHz and 6GHz.
Despite the formation of a -3dB null at the boresight at SGHz, this model is capable of
radiating and receiving fast EM transients between 800MHz and 6GHz. Since the gain
frequency response did not show any decline at the higher frequencies, this reduction in
gain at the boresight might not cause a significant effect on the operation of a GPR that

uses SAR imaging.

Comparison between the Final Design with Effect from Coaxial Cable

In the final design of the TEM horn, a coaxial cable is added in the simulation model to
show the effectiveness of the balun. This is achieved by adding a piece of cylindrical
conductor to the feedpoint of the horn. A radiation field plot on the H-plane is shown in
Fig 4.30. This field plot shows very little E-fields radiating between the cylindrical
structure and the feedpoint. These E-fields are the net flow current resulting from the
transition from an unbalanced mode to a balanced mode. Theoretically, the balun

should have an infinite ground plane. However, it is not practical to build an antenna
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with even a very large lower plate, thus, this results in some net flow current at the
outer layer of the coaxial cable. With this net flow current, the coaxial cable effectively
behaves like an antenna, radiating unwanted signals that result in interference with the
transmitted signals. From the results, it can be seen that the amount of radiation in the

coaxial cable is negligible, thus proving the effectiveness of the balun.

Fig 4.30. H-plane radiation field plots of the TEM horn with a cylindrical
structure simulating a coaxial cable at its feedpoint. The net flow current

in cable is shown in blue near the feedpoint.
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Reflection Coefficient Frequency Response
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Fig 4.31. Reflection coefficient frequency response for final TEM horn

design with and without coaxial cable.
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Fig 4.32. Impedance |Z| frequency response for final TEM horn design

with and without coaxial cable.
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4.3 The TEM Horn Foil Prototype

Simulation results from the previous sections show a much higher impedance
frequency response using the antenna dimensions described in [20]. Furthermore,
increasing the width in the w/h ratio did not see any significant improvement in
reducing its overall impedance. To validate the integrity of HFSS’s simulation results, a
physical prototype is constructed and its measured results plotted against the simulated
ones. This prototype is constructed based on the triangular shaped TEM horn with a

balun described in Phase II of the preceding section.

4.3.1 Construction of the Foil Prototype

The foil prototype of the TEM horn is constructed using copper foils shown in Fig 4.33.
Thin sheets of copper foils are cut into isosceles triangular shapes with the bottom plate
shaped accordingly into one with an integrated balun. An azimuth angle of 69° is used
for this prototype. Subsequently, these copper sheets are adhered to a piece of
Styrofoam, which is shaped to give an elevation angle of 32°. This Styrofoam is used as

a support for the copper sheets, since its relative dielectric constant is same as air.

Fig 4.33. The Foil Prototype used for validating results from HFSS

simulations.
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The feedpoint of the TEM horn is constructed using a SMA stub contact panel socket
from RS. Extra care was taken in the construction of the feedpoint since its preciseness
will determine the antenna’s performance at high frequencies. A section at the narrow
end of the Styrofoam was truncated to allow space for the construction of the feed. The
finished product is then tested with a HP8530 network analyzer in the anechoic

chamber.

4.3.2 Measured Results

The impedance response of the TEM horn is measured using the HP8530 network
analyzer, which is capable of giving impedance response over a user-specified range of
frequencies. The network analyzer is first calibrated using short circuit, open circuit and
broadband 50€2 stubs. This calibration compensates the attenuation and nonlinear
effects in the cables and internal circuitries of the network analyzer. Once calibrated,
the network analyzer is used to measure the impedance response of the TEM horn and a

comparison between the measured and simulated results are shown in Fig 4.34.
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Fig 4.34. Comparison between the measured impedance |Z| frequency

response of the foil prototype and its simulated equivalent.
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Relatively similar impedance response is observed between the measured and simulated
results. However, the measured impedance shows an increasing trend towards the
higher end of the frequency range. The lack of preciseness in construction at its feed is
deemed to be the cause of this discrepancy, since performance at high frequencies is
extremely sensitive to the construction near the feedpoint region. Furthermore, the
truncated section of the Styrofoam at the feedpoint region results in a lack of support on
the flimsy copper material. Despite these discrepancies, the foil prototype exhibits
similar trends in its impedance frequency response. Thus, it is sufficient to conclude

that the results from HFSS simulations agree well with a practical model.

4.4 Summary

In this chapter, the evolution of a novel TEM horn design is described in three phases.
Each design phase isolates the effects of dimensional changes on the antenna
performance. Significant reduction in reflection within the antenna has been achieved
by adding the wideband balun and shaping the antenna plates. In addition, the azimuth
and elevation angles are modified throughout the entire design process to determine the
dimensions that gives the best performance for each phase. The simulated results in
HFSS for all models are in good agreement with theoretical reasoning. Results from
HFSS simulations are also validated by a foil prototype, which provides a qualitative

agreement with the simulated results.

Through a series of dimensional modifications, a UWB TEM horn using non-triangular
plates was designed. These non-triangular plates were designed to compensate the
effects of the wideband balun, which is essential in eliminating unwanted net flow
current that results from an unbalanced-to-balanced transition from the coaxial cable to
the antenna. Simulations in HFSS show that this model gives excellent matching over

the range of 800MHz to an excess of 6GHz.
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Chapter S. Results: Final Design Prototype

Through a series of iterations, the final design is concluded using the TEM horn model
with non-triangular plates. This model exhibits the best overall performance among the
rest. Next, ways are devised to realize the physical construction of the antenna and
methods of integrating this newly developed antenna onto the GPR system. This
chapter will discuss various design aspect in constructing the TEM horn, which is

fabricated by the staff in UQ Electrical Engineering Workshop.

Testing of the final physical prototype is conducted in an anechoic chamber, where its
results will be compared against the simulated ones. A detailed discussion on the
measured and simulated results will also be presented in this chapter to provide an
argument on the discrepancies in results. Field results presented in this chapter serves

as a measure on the success of this novel prototype.

5.1 Overall Physical Construction of the TEM Horn

5.1.1 Construction of the TEM Horn

The construction of the TEM horn is completely fabricated in the UQ Electrical
Engineering Workshop, with the exception of the cable extension from the feedpoint to

the panel socket at the plastic box. The completed version of the TEM horn is shown in
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Fig. 5.1 and its design schematic can be found in Appendix B. The final design of the
TEM horn consists of two bell shaped copper sheets separated by an elevation angle of
32°. This separation is held by a Styrofoam structure, cut to the specified elevation
angle. The construction of this design is similar to the foil prototype, with the
Styrofoam truncated at the narrowest section near the feedpoint to allow space for
detailed work on the feedpoint. Styrofoam is chosen as a support since its relative
dielectric constant is same as air, thus it does not affect the radiation characteristic of
the antenna. A similar SMA stub contact panel socket used in the foil prototype is
mounted onto the base of the bottom plate with its inner core soldered onto the tip of
the top plate at its feedpoint. A separation of 1mm between both plates is used for

reasons discussed in Chapter 4.

Fig 5.1. The final design prototype of the TEM horn. Picture taken

against the background of the anechoic chamber.

5.1.2 Construction of the TEM Horn Holder

Integrating the TEM horn to the GPR system is not as straight forward as it seems. The

most important consideration is the method of mounting the TEM horn without
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affecting its performance. This proves to be a daunting task as the TEM horn is only
connected by the tiny core of the panel socket and supported only by light Styrofoam.
With some helpful advice from staff in the workshop, a box like structure is designed to
hold the TEM horn shown in Fig. 5.2. A detailed schematic of this structure can be
found Appendix B.

Fig 5.2. The final physical prototype with the plastic holder. The input

SMA connector is shown on the top left corner of the picture.

This holder is made using 6mm plastic sheets and is designed to cover the entire TEM
horn, leaving only one side of the box open for the mouth of the antenna. With this
sturdy construction, the originally fragile TEM horn structure is now suitable for robust
operations in rough terrains. The plastic box also acts as a medium for isolating any EM
interference from metal structures such as the metal brackets and rails used for

mounting the antenna.

In order to secure the TEM horn onto the box while still having the ability to remove it,
three holes are drilled at the flared ends of each plate. These holes are small enough to
avoid any significant changes in the antenna performance, since the holes are located
near its flared ends, where its performance are less sensitive to small discontinuities.
Before mounting the antenna into the box, a short coaxial cable extension that is
capable of handling high frequency signals is connected to the socket of the TEM horn.
This extension allows the antenna to be connected to the GPR system without the need

to remove it from the box. Finally, the antenna is mounted onto the box, with the flared
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ends of the plates secured by plastic screws. These plastic screws are used throughout

the entire structure to avoid any unnecessary interference with the antenna operation.

5.2 Measurement Setup in the Anechoic Chamber

The anechoic chamber is an enclosure specially designed for taking RF measurements.
Surrounded with walls that absorb radiation, this chamber creates a free-field
environment, suitable for testing RF equipments, such as antennas. The walls of this
chamber are covered with radiation-absorbing wedges to prevent multipath reflections
when taking antenna measurements. In our study, only the far-field radiation patterns
and gain frequency response are measured in the chamber. The impedance frequency

response 1s measured using only the network analyzer.

Before any measurements are taken, the network analyzer is calibrated to compensate
attenuation effects in the cables. An alternative method is used instead of the standard
calibration procedure. First, a low loss, high frequency coaxial cable is connected
between the sockets at both platforms. Then, the transmission loss, S;, of the total
system is taken from 0 — 10GHz. This result will then be subtracted from the measured
results for gain and radiation patterns. This method, however, neglects the loss of the
cable, which is relatively small at low frequencies and about —1dB at high frequencies.
Nonetheless, this method provides an easy way of calibrating the system with relatively
good accuracy. Calibration for measurement of impedance frequency response follows

the exact procedure of those described in Chapter 4 for the foil prototype.
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Ut

Fig 5.3. Mounting the TEM horn prototype in the anechoic chamber. The
(a) measured antenna is mounted on the rotational platform and the (b)

reference antenna on the translational platform.

Two platforms, each located at opposite ends of the anechoic chamber, are used to hold
the antennas. The reference and the measured antennas are mounted on the translational
and rotational platforms respectively. Mounting the reference TEM horn is relatively
easy, as the platform remains stationary throughout the measurement procedure, thus
the antenna can be secured on the raised flange using sticky tapes. On the other hand,
the measured antenna has to be secured onto a bracket as shown in Fig 5.3 because the
antenna will be rotated for measurement of the radiation pattern. Furthermore, the
antenna has to be positioned such that its phase center coincides with the rotational axis
of the platform to ensure that it is rotated around the axis, giving a more accurate
reading of the radiation pattern. After securing both antennas, the translational platform
is raised so that the both antennas are at equal height. This ensures the measurements
taken are referenced directly from its boresight, hence giving a maximum reading. This
procedure is repeated for measurements in cross and horizontal polarizations by

changing the orientation of the antennas.
Having positioned the antennas into place, the measurements are taken via the network

analyzer. A switchbox that is synchronized with the network analyzer is used to control

the movement of the rotational platform. After the network analyzer is properly
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configured, the rotational platform is set to run for one complete revolution with 1.2°
steps. The radiation pattern, expressed in transmission loss, S;, is then read off the
network analyzer and saved for further post processing. Taking the gain measurement
is a much simpler task. By reading the transmission loss from the network analyzer

console, the S;, values from 0 — 10GHz is calculated using the Friis’ formula,

N 2 (5.1)
P, = PTGTGR(mJ

where Prand Py are the transmitted and received power respectively. Similarly, Gr and
Gy are the gains of the transmitting and receiving antennas. R is the distance between
both horns in the anechoic chamber, which is found to be 2.5m. Since the transmission
loss can be expressed as the ratio, Pr /Pr and the gain for both antennas are assumed

equal; the gain of each horn can be expressed as,

4nRJ (5.2)
A

G = Slz(—

Obtaining the calibrated gain values is then just a matter of subtracting the calibration
values off this calculated gain at their corresponding frequencies. Similarly, angular
gain values for the radiation patterns are obtained using the same formula. Finally, the

resulting sets of values are plotted in polar format using MATLAB.

5.3 Lab Results and Analysis

The results obtained in from the network analyzer are post processed with methods
mentioned in the previous section before presented in this section. These results will be
analyzed in detail before a comparison is made between the measured values and the

simulated ones.
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5.3.1 Measured Results in Anechoic Chamber

Gain

For a wideband antenna, a gain with flat response over the operating frequency range is
desired. Putting them together, this gain frequency response over a range of frequencies
determines its gain bandwidth. Bandwidth is usually defined as the -3dB points from its
maximum value. However, this definition imposes strict limits to an antenna with wide
range of operating frequencies. This is especially true with practical measurements in
wideband antennas, where a short pulse-like gain response resulting from constructive
interference will result in an inaccurate representation of the gain bandwidth. Thus, in
our study, the definition of gain will be relaxed to compensate any irregularities in our

measurements.

The measured results in gain frequency response is post processed and shown in Fig
5.4. In this plot, it is observed that a high level of attenuation is experienced in the
lower frequency region. At about 800MHz, the gain reaches unity, after which it begins
to rise and reaches a peak of 11.7dB before rolling off exponentially at about SGHz.
Taking the -3dB points off the maximum gain results in a bandwidth of only 1.8GHz,
which does not even come close to the 5.2GHz bandwidth in the specifications.
However, using a relaxed definition, a bandwidth of 3GHz can be achieved by taking
the -3dB points from an averaged peak value. This value gives a more practical

representation of the bandwidth.
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Gain Frequency Response (Calibrated)

Frequency (GHz)
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Fig 5.4. The impedance frequency response of the measured results for
the TEM horn. The difference in bandwidth using different reference

points is shown in this figure.
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Fig 5.5. The gain frequency response of the measured results for the TEM

horn with both co-polarized and cross-polarized orientation.
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The gain response for cross polarization is obtained by taking measurements with the
measured antenna tilted 90° off its boresight axis. From the results in Fig 5.5, it can be
seen that the cross polarization gain of the TEM horn is below -5dB. The cross polar

gain in this antenna is not critical as it does not generally degrade the performance of
the UWB GPR.

Impedance

In the earlier section, discussions on the construction of the TEM horn show that the
TEM horn itself lacks the mechanical strength to be useful in any field applications. In
order to protect the TEM horn in rough terrains, part of the horn, including the
feedpoint is contained within the plastic box. Therefore, a short coaxial cable extension
is used to link the feedpoint to a panel socket located at the bottom of the plastic box.
This extra length of cable introduces an electrical delay, which in turn changes the

phase of the signals from the feedpoint.

Comparison between measured impedance

250

Impedance (Ohms)

Frequency (GHz)

—— TEMHorn with extension cable, pointing at free space —— TEM Hom w ithout extension cable, pointing at free space

Fig 5.6. The impedance |Z| frequency response of the measured results
for the TEM horn. This plot shows a comparison between the TEM horn

measured with and without the extended coaxial cable.
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As shown in Fig 5.6, the TEM horn exhibits good matching at about 50Q2 with and
without the extension cable. For measurements taken at the end the extension cable, the
impedance shows more pronounced oscillations about 50Q2, especially towards the
higher frequencies. Nonetheless, it produces a good impedance match, with values
between 45Q and 55€Q. This corresponds to a reflection coefficient below -7dB ranging
from 800MHz up to 10GHz. On the other hand, the results for the model measured
directly at its feedpoint exhibit a more damped impedance frequency response
compared to the model measured from the end of the extension. The damped effect is
attributed to the absence of the extra electrical length from the extension cable.
However, small amounts of oscillations still exist. This may be due to the extra length
of the pin in the SMA connector. Due to its operation in extremely high frequencies,
this pin still contributes a significant amount of electrical length, which explains the
existence of the fluctuations. Similarly, a comparison between the reflection

coefficients of the antenna shows no significant effects to the extension cable.

Comparison between measured phase
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Fig 5.7. The phase frequency response of the measured results for the
TEM horn. This plot shows a comparison between the TEM horn

measured with and without the extended coaxial cable.
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Comparison between measured reflection coefficient I

Reflection Coefficient I' (dB)

-50

Frequency (GHz)

—— TEMHorn with extension cable, pointing at free space TEMHorn w ithout extension cable

Fig 5.8. The reflection coefficient frequency response of the measured
results for the TEM horn. This plot shows a comparison between the

TEM horn measured with and without the extended coaxial cable.
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Fig 5.9. The above plots show the measured radiation patterns of the
TEM horn. The left and right column shows radiation patterns at
frequencies of 1GHz, 3GHz and 5GHz for the H-plane and E-plane

respectively. These values are expressed in Gain+20dB.

Radiation Patterns

The radiation patterns in the H-plane show a wide beamwidth symmetric about its
boresight for all frequencies measured. At 1GHz, the gain at boresight is about 1dB,
which is relatively low. However, the gain increases with frequency, with values
approaching 10dB at 3GHz and 5GHz. At all the measured frequencies, the TEM horn
exhibits a very wide beamwidth of about 120°. The antenna also shows good

suppression of sidelobes, with magnitudes generally falling below 0dB.
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In the E-plane, the antenna produces non-symmetrical radiation patterns about its
boresight. This is expected as the wideband balun contributes to the non-symmetrical
structure of the antenna when referenced from its E-plane. The angular gain at
boresight for the 1GHz, 3GHz and 5GHz is found to be about 10dB, 12dB and 11dB
respectively. From the radiation pattern, it is observed that there is a mass concentration
of sidelobes at the feedpoint above the balun, indicated by the 150° mark in the
radiation plots. This is due to the excess radiation caused by current dissipating through
the balun shown in Fig 4.24. The beamwidth at 1GHz, 3GHz and 5GHz are about 120°,
60° and 30° respectively.

5.3.2 Discussion of Results

Overall, the measurements in the final TEM horn prototype produced satisfactory
results although some outcomes were unexpected. The main parameters under
investigation are the gain frequency response, impedance frequency response,
reflection coefficient frequency response and its beamwidth. This section will discuss

the measured results and a comparison with the simulated results from HFSS.

Gain

As mentioned earlier Chapter 4, the gain given in HFSS is referenced with the
maximum value in the radiation pattern instead of its value at boresight. To provide a
quantitative comparison between both measured and simulated results, the simulated
gain has to be approximated in the radiation plots. A comparison on the gain frequency
response between the measured and simulated results shows a relatively similar trend in
the response curve. However, the simulated results show a more subdued fluctuation in
gain performance between 5 — 7GHz. The significant drop in gain at these frequencies
was not accurately reflected in the plots. Careful investigation on the simulated results
show that due to the lack of sampled points, the frequency response in this range are
completely omitted, thus generating erroneous data in the simulation results. Thus, the

simulated results do not represent a true reflection of the actual performance of the
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antennas due to the lack of sampling points. However, simulated results at the low
frequency region, where more log sampling points are concentrated show a higher gain
than the measured results for the final design prototype. An investigation on the
beamwidth at 1GHz did not provide any source on this discrepancy. However, it can be
observed that the simulated results have a trend of producing similar frequency
responses as the measured results, but at a lower frequency as shown in Fig 5.13. This
may have resulted in the difference observed in the lower frequency region. Although
the simulated results only show qualitative agreement with the measured results due to
a lack of sampling points, it still provides a very good approximation on the

performance of the TEM horn.

Gain Frequency Response (Calibrated)

Frequency (GHz)

Gain (dB)

Simulated Gain in HFSS

Vertiical Polarization Gain

Fig 5.10. The impedance frequency response for the measured and the

simulated results for the TEM horn prototype.

Impedance

The impedance frequency response of the antenna has the biggest impact on the

antenna performance. A mismatch in the antenna will result in ringing problems, which

causes incorrect information to be fed to the GPR system. A false target indication due
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to antenna ringing may be fatal in landmine detection applications. Therefore, the
impedance is the foremost parameter to be optimized, and sometimes result in some

trade-off in performance in other aspects, such as gain and beamwidth.
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Fig 5.11. The impedance |Z| frequency response of the measured and
simulated results for the TEM horn. The measured results from the model

without the extension cable is used.

From the previous section, it can be seen that the impedance frequency response of the
antenna for both the TEM horn with the and without the extension cable gave very
similar results, except for some oscillations at high frequencies due to the extra length
of cable. In HFSS, the TEM horn is simulated using a point source at its feed. Thus, in
order to provide the comparison with best accuracy, the measured result without the
extended cable will be used. The result of this comparison is shown in Fig 5.11. From
this comparison, it can be concluded that the simulation results gave a very accurate
prediction of the measured impedance response. The only discrepancy occurs above
5GHz, where the simulated result rises with frequency. The constant performance in
impedance frequency response in the final design prototype will provide a good match

with the 50Q2 load, minimizing errors due to reflections.
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Reflection Coefficient

An alternative method to quantify the performance of the antenna is through its
reflection coefficient. This parameter is related to the impedance of the antenna and the
load, and is often used to characterize the performance of the antenna. Generally, only
the magnitude of the reflection coefficient is analyzed. The reflection coefficient of a
transmitting antenna defines the percentage of incident power reflected back to the
feed. In our study, if the TEM horn is mismatched, a high reflection coefficient will
result at the frequency where the mismatch occurs. When power is reflected back to the
antenna at its antenna-air interface, a fraction of the power will be reflected back to the
aperture. This causes a fraction of the transmitted power to resonate within the horn,
thus resulting in serious signal distortions if the reflection coefficient is large.
Reflections within the antenna contribute to the overall ringing problem in a UWB
GPR system. Since there is nothing much one can do to reduce the reflections at the
antenna-air and air-ground interface, the only way to reduce ringing is to minimize its
contribution to the phenomenon. This is achieved by a good impedance match at the

feedpoint of the TEM horn.

As shown in Fig 5.12, the measured reflection coefficient agrees very well with the
simulated values. The exponential decreases in the measured values are due to a near
perfect match at those frequencies. In the simulated results, however, these were not
shown due to the lack of sampled points. Overall, the TEM horn performs very well in

its reflection coefficient response over a wide range of frequencies.
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Comparison between measured reflection coefficient I

Reflection Coefficient I' (dB)

-50

Frequency (GHz)

~——— TEM Horn simulated w ith HFSS —— TEM Horn w ithout extension cable

Fig 5.12. The reflection coefficient frequency response of the measured

and simulated results for the TEM horn.

Radiation Patterns

The beamwidth of the UWB TEM horn plays a crucial role in determining the
performance of the GPR system. Recall from Chapter 1 that the TEM horn will be
integrated with a SF-GPR using SAR processing. The SAR processing of the GPR
system uses the averages of a series of echoed pulses to detect a single object. This
calls for an antenna with wide beamwidth so as to provide maximum coverage over the

area under test.

From the results in the simulation shown in Fig 5.13(b), a 5dB drop in gain at its
boresight at SGHz is observed. Although the measured results at SGHz did not show
any drop in gain, it can deduced from the gain frequency response in Fig 5.14 that there
will be a significant drop in gain at the boresight between 5 — 7GHz. In HFSS, the gain
is referenced from the maximum value, regardless of direction. Therefore, an analysis

on the results in Fig 5.13 shows that despite the formation of a null at its boresight, the
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sidelobes generates a relatively high gain. With the formation of the null at boresight,
the overall beamwidth of the antenna reduces by the fraction where the null exist. In
general, this is highly undesirable in any radar system. However, the SAR utilizes an
extremely broad beamwidth in detecting a target, thus the reduction in beamwidth only
affects a fraction of the data collected off the reflected object at its corresponding
frequency. As a result, this reduction in gain does not cause a significant decline in the

performance of the GPR.

(2) (b)

Fig 5.13. The radiation patterns of the (a) measured and (b) simulated
results for the final design prototype at SGHz. These values are expressed

in Gain+20dB.
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Gain Frequency Response (Calibrated)

Frequency (GHz)

Gain (dB)

Vertiical Polarization Gain Gain from HFSS simulations

Fig 5.14. The gain frequency response of the measured and simulated
results for the TEM horn. The measured gain is referenced from its

boresight while the simulated gain is referenced from its maximum value.

5.4 Field Results and Analysis

5.4.1 Field Test Setup

With the success in the measurement results, the TEM horn prototype is integrated with
the GPR system to measure its field performance. The GPR system from the UQ
Mining Sensors Group CSSIP consists of a network analyzer, a PC and the antennas.
These equipments are mounted onto a trolley and placed onto a set of tracks in the field
shown in Fig 5.15. The network analyzer is used for performing FFT conversions from
frequency to time domain as the trolley is moved down the tracks. These results are
further SAR processed by the PC to produce a SAR filtered image. An example of the
raw SAR image is shown in Fig 1.3. Subsequently, these results are post processed

using more complex algorithms to provide an accurate location of the target.
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(b)

Fig. 5.15. The field setup of the GPR. The (a) GPR is mounted on a trolley and pushed

along the rails while the (b) network analyzer and the PC do the computations.

GPR
2m Im
O . Thick Vegetation
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3.5m 1m
O @
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Metal Fence
O

Fig 5.16. Position of the dummy landmines during field testing. The
shaded circles indicate metal spheres while the rest indicates plastic
cylinders. The red circle indicates a larger metal sphere and the blue

circle indicates the “landmine” to be buried.
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Several solid plastic cylinders and metal spheres about 10cm in diameter are placed
along the path of the radar’s radiation field. These objects are equally spaced with
incremental distance from the radar as it moves towards the end of the track shown in
Fig 5.16. The systematic placement of these objects allows us to identify them in the
resulting plots of this test. Before the test begins, a survey on the surrounding
environment shows extremely high moisture content in the soil due to rain prior to the
day of the test. This means that there is a high chance that the GPR may not be able to
detect the objects if they are buried underground, since EM pulses are susceptible to

high attenuation in wet soil.

5.4.2 Measured Results from Field Testing

Several sets of measured results are taken during the field test, each with different
parameters shown in Table 5.1. Its corresponding SAR processed results are shown in
Fig 5.17 with circles to indicate the position of the objects. The SF-GPR is configured
to transmit pulses from 1GHz to SGHz.

Figure Antenna Polarization H(iirg‘r)‘t Comments

5.16 (a) TEM Horn Vertical 70 All surface objects
5.16 (b) TEM Horn Vertical 90 All surface objects
5.16 (c) TEM Horn Horizontal 82 All surface objects
5.16 (d) TEM Horn Horizontal 82 With buried object
5.16 (e) | Double Ridged Horn Vertical 90 With buried object
5.16 (f) Double Ridged Horn Vertical 90 With buried object

Table 5.1. Parameters for different sets of measurement results.
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600 800 1000 1200 1400 1600 1800 1000 1200 1400 1600
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400 600 800 1000 1200 1400 1600 1800 2000 i 1000

(©) ®

Fig 5.17. The SAR images using the TEM horn and double ridged horns

in various polarizations and heights.
The SAR processed results shown in Fig 5.16(a) using vertical polarized TEM horn at

70cm above ground shows very weak reflections on most targets, except for the large

metal sphere. From Fig 5.16(b), results for the same configuration with the height
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raised produced similar results. In Fig 5.16(c), a much higher reflection from the
objects results from the horizontally polarized antennas. As seen from the graphical
plot, almost all the targets are clearly visible, except for the one behind the large sphere

and the one furthest from the track.

With these results, a further step is taken by burying a small metallic sphere shallowly
as indicated in Fig 5.16. Unfortunately, results shown in Fig 5.16(d) indicate an
absence in reflection from the buried object due to extremely lossy soil. With the metal
sphere still buried underground, similar measurements were taken using the double
ridged horns. The measured results using vertically polarized double ridged horns in
Fig 5.16(e) shows a relatively high level of clutter around the surface objects but shows
no signs of the buried object. Furthermore, this vertically polarized antenna also show a
lack of reflections for the object behind the large metal sphere and the furthest metal
sphere. A brief comparison between the results shows that this antenna achieves a
higher received power compared to the TEM horn. Finally, the measured results from
the horizontally polarized double ridged horns exhibit a high contrast between the

ground and the surface objects. However, the buried object still remains undetected.

5.4.3 Discussion of Results

From the results in the preceding section, it is obvious that a horizontally polarized
antenna produces better results. The increased in performance is attributed to the
structures of the surrounding vegetation and the targets. All objects possess their unique
polarization signature and these signatures provide information on the way radiation
scatters off its surface. Thus, different antenna polarizations result in the difference in
reflection intensity of the object. Furthermore, when the wave hits an object, its
reflected wave may go through a series of multipath reflections before it gets received
by the antenna. These multipath reflections sometimes result in a change in

polarization, which goes undetected when using a co-polar antenna configuration.

The results in our field experiment show that short grass near the targets reflects better

with vertically polarized waves while the thicker vegetation near the fence exhibits
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higher scattering intensity with a horizontally polarized wave. This is particularly
obvious when the double ridged horn is used. For the TEM horns, a less pronounced
effect is observed with the change in polarization. This may be attributed to its non-
constant gain frequency response. The lower frequencies, which mainly affect the
detection of larger structures, such as the thick vegetation, are unable to produce any
significant effects due to its low gain. Contrastingly, the higher frequencies, which
generally affect small objects, such as the targets, result in a more pronounced effect

due to its high gain.

In all except the 5.16(f), the metallic sphere furthest from the track went undetected. A
survey on the test area suggests that the low hanging branches above that particular
object may have contributed clutter that interferes with its detection. In addition, the
moisture on these branches further increased the magnitude of its interference.
However, in Fig 5.16(f), the object results in a relatively weak indication using
horizontally polarized wave. This may be attributed to a higher gain with the double
ridged horn antennas. The field results also show an absence of the target behind the
large metal sphere. This target may be obscured by reflections from the large metal

sphere, which greatly reduces its magnitude of reflection.

Overall, the TEM horn prototype performs comparatively well with the double ridged
horns over a frequency range of 1 — 5GHz. Due to the lack of gain at low frequencies,

the TEM horn produces less changes in large objects with a change in polarization.

5.5 Summary

A novel design of the TEM horn is being designed and developed. The physical
construction of this antenna includes a plastic box-like structure, which is designed to
hold the antenna onto the GPR system and provide shielding against EM interference as
well as protection in rough terrains. Testing of this TEM horn prototype is
accomplished in the anechoic chamber and results show relatively good frequency

response for its impedance, gain and beamwidth. These results also provide good
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agreement with the simulated results, even though there were some discrepancies found
in its gain frequency response. Field testing using these novel antennas has shown

comparatively good results with the double ridged horns as a benchmark.
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Chapter 6. Evaluation

Development of these TEM horns did not stop with the final design. Evaluation work
has been carried out even after the antenna has been sent for fabrication. Compiling
results from past simulations, methods are employed in an attempt to correct the
imperfection in its performance. Although these improved versions will not be
fabricated, its evaluation allows us to predict the magnitude of improvement over the
current version. This chapter provides an insight to the imperfections of the current

prototype and the evaluation models that address some of these problems.

6.1 Analysis of Areas for Improvement

From the preceding chapter, the prototype has produced results that are in good
agreement with the simulated model. However, due to limitations in the simulation
program and the lack of computing power, several problems were overlooked. The
foremost problem that plagues the current prototype is its gain frequency response at
boresight between the frequency ranges from 5 — 7GHz. Measured results from the
prototype showed a more pronounced dip in gain over that frequency range due to the
lack of sampling points. A thorough investigation on all existing and new simulation
results shows that this dip may be attributed to the inclusion of the balun and the non-
triangular shape of the antenna plates. From the radiation patterns in Fig. 6.1(a), a slight
dip in gain at the boresight can be observed at SGHz with the inclusion of the balun.

Furthermore, this dip becomes more pronounced using the model with non-triangular
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plates shown in Fig. 6.1(b). The radiation patterns suggest that null at boresight is
caused by an angular deviation of the main lobe at 5 — 7GHz, which results in splitting
of the beam. In order to remedy this problem, the aperture length is reduced so that the
formation of this null will not occur at the wavelengths corresponding to these
frequencies as suggested in theory in Chapter 2. This change in aperture affects the
azimuth and elevation angles, dimensions of the balun and the overall shaping

parameters of the non-triangular plates.

Fig 6.1. Radiation patterns for the TEM horn with triangular and non-

triangular plates at SGHz. These values are expressed in Gain+20dB.

The second consideration is to increase the frequency impedance performance of the
antenna at high frequencies. From the initial designs, it was assumed that a separation
of Imm at the feedpoint is sufficient to maximize the high frequency performance as
well as keeping its physical construction mechanically possible. An evaluation on the
physical prototype reveals that this separation can be further reduced due to the
physical properties of the SMA stub panel sockets. An excess length from the pin to the
Teflon layer means that the feedpoint separation can be effectively reduced to zero

shown in Fig. 6.2.
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Reduced feedpoint separation

]

Copper antenna plates

Fig 6.2. A cross section view of the feedpoint. The dotted line shows the

reduced feedpoint separation and the shaded area shows the Teflon layer.

6.2 Simulated Results of Improved Models

From the discussion in the last section, several changes were made to the prototype
design and simulated in HFSS. Simulated results from two models are shown here to
show the effects of the modifications made. The first model is designed using the same
parameters of the final prototype with its feedpoint separation, B = 0. Simulation results
from Fig. 6.3 show a decrease in impedance from 1 — 10GHz, which is particularly
significant above 5GHz. The change in feedpoint separation gives the impedance
frequency response a constant performance over more than three octaves. However,
this change also shows a slight overall reduction in impedance throughout the entire
range of frequencies. The gain performances are not shown because they are not

susceptible to slight changes in feedpoint separation as discussed in Chapter 4.
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Impedance Frequency Response

70

60 -

50 -

40 -

30 -

Impedance (Ohms)

20 -

0 T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 11
Frequency (GHz)

‘—TEM Horn (non-tri/bal/curve/69/32/1/bigbal) —— TEM Horn (non—tri/bal/curve/69/32/0/bigbal)‘

Fig. 6.3. Impedance |Z| frequency response for TEM horns with different

feedpoint separations.
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Fig. 6.4. Reflection coefficient frequency response for TEM horns with

different feedpoint separations.

The second model in this evaluation phase consists of changes in both the azimuth and

elevation angles and the feedpoint separation. Changes in w/h ratio, dimensions of
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balun and the shaping parameters of the non-triangular plates are made to fine tune the
performance of this model. Through a series of design iterations, the design with the

following dimensions are found to produce the best overall performance,

- Azimuth angle, o = 54.2°
- Elevation angle, g = 20°
- Radius of balun, » = 50cm

- Feedpoint separation, B =0

The simulated results from this evaluative model in Fig 6.5 show a reduction in overall
impedance frequency response as compared to those from the final prototype.
However, this slight decrease in impedance is still within the tolerable levels above
1.5GHz. From the gain frequency response in Fig 6.7, the evaluation model shows a

constant performance from 2GHz before experiencing a drop in gain about 7GHz.

Impedance Frequency Response

®
S

Impedance (Ohms)
L) w B (4, (2] ~
o o o o o o

=)

o

0 1 2 3 4 5 6 7 8 9 10 11
Frequency (GHz)

Final evaluation model —— Final Prototype

Fig. 6.5. Comparison of impedance |Z| frequency response for TEM

horns for the final prototype and the final evaluation model.
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Reflection Coefficient Frequency Response
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Fig. 6.6. Comparison of reflection coefficient frequency response for

TEM horns for the final prototype and the final evaluation model.
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Fig. 6.7. Comparison of the gain frequency response for TEM horns for

the final prototype and the final evaluation model.
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Fig. 6.8. Radiation patterns of the final evaluation model at (left) SGHz
and (right) 7GHz. These values are expressed in Gain+20dB.

6.3 Discussion

From the results of the new model, an increase in gain frequency performance over the
final prototype is observed. This increase in performance results in a trade-off in its
impedance frequency response. However, the decrease is insignificant and is kept
within tolerable levels. Since there is a direct dependence between the beamwidth,
wavelength and the size of its aperture at its corresponding frequency, thus, the
reduction in aperture size in the evaluation model results in the formation of the null at
a frequency above 7GHz. This effectively increases the gain bandwidth of the TEM
horn by 2GHz at the upper end of the frequency range. In addition, the reduction in
separation distance at the feedpoint contributes to an improved performance in
impedance frequency response. Overall, this evaluation model has proven that an
improvement in performance can be achieved over the final prototype, which exhibits a

relatively high degradation in gain from 5 — 7GHz.
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6.4 Summary

An evaluation model of the TEM horn is developed in this chapter in an attempt to
improve the performances over the final prototype. Through intuitive reasoning and
analysis of previous simulation results, an improved version of the final prototype is
successfully modeled in HFSS. This model exhibits relatively flatter gain frequency
response over its predecessor. With a reduction in aperture size, the improved model
produces almost a twofold increase in gain bandwidth by eliminating the drop in gain
from 5 — 7GHz that is present in the final prototype. Furthermore, it was also shown
that further decrease in feedpoint separation results in an increase the performance of
the impedance frequency response. This evaluation version serves as a starting point for

any future development of this TEM horn model.
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Chapter 7. Conclusions and Future Work

7.1 Conclusion

Analysis of Ultra-Wideband antennas departs from conventional understanding of
antenna operations, which transmits data through sinusoidal waveforms. The
requirements for such wideband characteristics simply mean that a carrier free signal or
impulse waveform is transmitted. A special category of antennas, known as the
frequency independent antennas are employed to radiate fast EM transients required in
applications such as UWB GPRs. One such candidate is the TEM horn, which produces
relatively high gain and wide beamwidth over a wide range of frequencies. These

characteristics make it an ideal antenna for a UWB GPR system using SAR imaging.

In this thesis, a novel UWB TEM horn has been presented. Based on empirical
methods, this new model has been developed through numerous iterations on a
software simulation package. The design methodology of this new prototype has been
based on mostly intuitive reasoning and a clear understanding of electromagnetic waves
and fields. Through a series of carefully planned simulations, an analysis of the TEM
horn is achieved based on simulated results. The accuracy of this experimental analysis

of the TEM horn has been proven in this thesis from its measured results.

Through this thesis, a different approach to the design of an UWB TEM horn has been

developed based on purely empirical methods. In conclusion, the aim of this thesis has
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been achieved through the completion of a successful design and a complete analysis

on its results.

7.2 Future Work

In the evaluation of this thesis, work to increase the performance of the intended design

is disrupted due to the lack of time. However, this could be taken as the starting point

of any future work. A continuation of this work can be summarized in the following

points,

1.

Based on the evaluation model, the overall reduction in impedance frequency
response can be corrected by using a lower w/h ratio. This decrease will further
give room for reducing the aperture size, which will give rise to frequency at
which the null occurs.

The detection process is conducted in close proximity with the targets. This
means that the antenna may be radiating in the near-field region, where the
radiation fields are spherical. Ideally, a planar wave is desired. This can be
achieved through a gradual taper of a short section of the antenna plates towards
S =0° at its flared ends.

From the results achieved, it can be seen that the change in dimensions of the
antenna do not usually improve the performance at lower frequencies. Thus, a
vast improvement in antenna performance can be achieved if the dip at 5 —
7GHz is eliminated. With this, the length of the antenna can be scaled, thus
shifting its frequency response towards the lower end by the scaling factor. A
suggested solution is to taper the antenna plates into a teardrop shape with its
length increased. This massive reduction in aperture may eliminate the null

from the frequencies of interest.
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Appendix A

Simulation results from HFSS do not give the impedance |Z| frequency response of the
antenna. Thus, its given S;; parameter, referenced with 50€2 is post processed using
transmission line equations to give the value of the impedance. The values from HFSS

can be obtained in the polar format,
M<6
Since the reflection coefficient S;; 1s expressed in,
S,=T= |1“|e-/e
And
e’® =cosO+ jsin®

Thus, the value of I" is obtained in its complex form. Following this, the antenna’s

impedance |Z;| can be calculated using,

These values are plotted in Microsoft Excel and plotted against frequency.
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Appendix B

In this section, the schematics for the TEM horn prototype and its holder will be shown.

These schematics are drawn to scale.
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B.1. Top plate of the TEM horn prototype.
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B.2. Bottom plate of the TEM horn prototype.
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B.3. Top view of the TEM horn prototype.
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B.4. Side view of the TEM horn prototype.
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B.5. Top view of the TEM horn prototype with in the plastic holder and
bracket.
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B.6. Bottom view of the TEM horn prototype in the plastic holder and
bracket.
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B.7. Side view of the TEM horn prototype in the plastic holder and
bracket.
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B.8. Back view of the TEM horn prototype in the plastic holder and

bracket.
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