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Abstract

Breast Cancer is the most prevalent form of cancer in women (excluding skin cancers),
however with early detection there is a high chance of successful treatment and long-term
survival. Microwave imaging as a means of detection has gained interest recently, due to
advances in both hardware and imaging software. The method offers a potential
alternative to current imaging techniques that would be inexpensive, provide sensitive 3D
imaging data, avoid using ionising radiation and would yield a system that is both quick

and comfortable for the patient.

This thesis presents a new UWB wide-slot antenna that has been designed to operate in
the multistatic-radar breast imaging system being developed at the University of Bristol.
The antenna has been made as compact as possible so as to maximise the number of
elements in the imaging array and is around half the size of equivalent existing designs.
To further reduce it’s overall dimensions a direct coax feed has been developed that
eliminates the need for an SMA connector. The simulated and measured performance of
this antenna show that it has a -10dB input bandwidth in excess of 6 GHz with a lower
cut off frequency of 4GHz. It is capable of radiating high fidelity UWB pulses into a high
dielectric medium with properties similar to adipose breast tissue and that it is capable of

doing this at angles of up to 60° away from boresight.

The thesis then goes on to present a novel meshing technique that potentially offers a way
of efficiently simulating a section of the imaging array, by means of generalised co-
ordinate FDTD. This hybrid technique involves descritizing the majority of the problem
geometry with meshes based on orthogonal co-ordinate systems. These mesh regions are
then linked together using sections of purpose built orthogonal curvilinear mesh that
provides a smooth transition. Because the whole mesh is orthogonal there is no need for
extra interpolation steps in the FDTD algorithm and the problem can be solved as

efficiently as with conventional Cartesian FDTD. Central to this scheme is the orthogonal
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curvilinear mesh upon which the rest of the mesh is based. This mesh is produced using a
technique that takes advantage of the orthogonality of isopotentials and field lines in a

potential field, found using an finite difference Laplace solver.

A simulation of two wide-slot antennas angled at 45° to one another has been used to
verify this meshing technique. Numerical experiments have shown that it is able to
reproduced the measured coupling between two such antennas. The electric near-field of
the antenna compares favourably with equivalent results obtained from a Cartesian FDTD
simulation. And with reference to the measured antenna fields it has been shown that the
mesh is able to produce a response from a dielectric scatterer that is consistent with the

same scenarijo in a cartesian simulation.
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Chapter 1 Introduction

1.1 History: The Genesis of Radio

Wide-bandwidth radio systems or in other words; radio systems that have a large
operational frequency bandwidth, have been around since the genesis of radio at the
end of the 19" century. The first ever radio system was the “spark gap”
transmitter/receiver developed by Hienrich Hertz in 1886, built to carry out his first
investigations into radio waves. Hertz apparatus, which can be seen in Figure 1.1,
consisted of an induction coil connected across an air-gap that produced a spark at the
feed point of a dipole antenna. The electromagnetic pulse produced was received by a
single turn loop antenna that also had a spark gap across which the intensity of the
received signal could be judged [1]. By altering the size of the receiving loop he
found that a certain loop size would produce the longest and consequently highest

voltage spark demonstrating the idea of tuning or resonance.

INDUCTION
TICOMERY
C = CAPACITOR
S =SPARK GAP
. J2mm -
S ——— — e
¢ 0.25m—— 3m e 0.25ny »

— 0.8m —H

LOOP
ANTENNA
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Figure 1.1 Hertz’s dipole/loop — the first radio transmitter/receiver system

The system used a spark gap to create an impulse with a wide bandwidth of
frequencies, much like the pulses seen in modern Ultra-wideband (UWB) impulse-

radio. The narrow-band “thin wire” Hertzian dipole and loop antennas used could
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only transmit radiation in a narrow band of frequencies and so the system as a whole
cannot be thought of as wide-band. It was not long after this that the first wideband
antennas were developed, the majority of which are still easily recognisable to a

modern day UWB engineer and used in one form or another in today’s UWB systems.

by !

Figure 1.2 (a) Lodge’s 1898 precursor to the bowtie antenna [3] (b) a modern UWB

bowtie antenna designed for use in a ground penetrating radar system [2].

Some of the early pioneers of antenna and radio technology were amongst others; the
British physicist Oliver Lodge, who in 1898 submitted a patent [3] for a syntotic
(tuned) radio system. The tuned transmitting/receiving circuits were formed by an
inductor and the capacitance of the antenna [4]. In the same patent Lodge also gives
the first descriptions of spherical, square plate, biconical and bowtie dipoles and
introduced the concept of a monopole antenna using the earth as ground [3]. All of
these antennas are now synonymous with modern UWB technology. A comparison of
a modern UWB biconical antenna and Lodge’s original illustrates the similarities
(Figure 1.2). Around the same time an Indian physicist, Chandra Bose, began
conducting experiments investigating electromagnetic radiation at wavelengths of 25—
50 mm (in what is now called the microwave frequency band). One topic of this work
was Bose’s investigations of “transitions” between free space and transmission lines
from which he developed what he referred to as “collecting funnels”. This type of

antenna is now known as a horn antenna and is commonly used in modern wideband

applications [5] [6].
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1.1.1 Commercialisation

It was a physicist and businessman named Guglielmo Marconi who first realised the
commercial potential of radio as a long range communication system. It was in the
spring of 1895 at his home of Villa Griffone, Italy that he first demonstrated the
feasibility of a practical radio link. This was made possible by virtue of the fact that
Marconi had realised the importance of having a good ground connections for his
transmitter and receiver [7]. The apparatus he used in his early experiments was
similar to that seen in his 1897 patent “transmitting electrical signals” [8] (Figure 1.3).
As in Hertz’s first system the signals were generated by an inductor connected across
a spark gap. Marconi connected one terminal of the gap to a wideband square plate
antenna while the other, crucially, was connected to earth. Receiving the signals was a
detector, again connected to a square plate antenna and earth. This was the first
practical wideband communications link, the combination of the high mounted
capacitive plate antenna and earth connection proving more effective than any

radiator/receiving antenna that had been produced before [9].

Fig. 10, Fig. 1.
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Figure 1.3 Marconi’s 1897 patent radio system [8]

With his new arrangement he initially made transmissions over short distances but
steadily increased the range. In 1896 Marconi moved to Great Britain and successfully

demonstrated his radio system on Salisbury plain. He continued development until
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1900 when he finally accomplished multiple transmissions on a single apparatus

practically implementing the idea of tuning put forward by Lodge in 1898.

It is perhaps, the events on December 12" 1901 for which Marconi is best
remembered. At about 12.30pm on top of Signal Hill, Newfoundland, Marconi heard
three weak but audible signals (Morse code for the letter ‘s’) transmitted by a 45.7m
high, wideband, fan monopole located at Poldhu, Cornwall over 3400 km away

[10],[7],[11]. The age of wireless communications had begun.

1.1.2 The Shortwave Era

Figure 1.4 Lindenbalds “Volcano Smoke” antenna [13]

After this initial period of interest in wide-band radio the trend turned to more
compact and cost effective narrowband systems. Narrowband transmissions allowed
frequency division multiplexing which meant multiple signals could be sent over a
finite bandwidth. This allowed the frequency spectrum to be used much more
efficiently, as a result research in wide-band radio dwindled [12]. It was not until the
1930s that interest was rekindled due to the need for broader bandwidth systems
required for the transmission of FM (Frequency Modulation) radio and then television
signals [5]. This period saw the rediscovery of old wideband antenna designs
including in 1939 Carter’s resurrection of Lodge’s biconical dipole and conical
monopole antennas. New designs were also developed, typical of which was a coaxial

horn element developed by Lindenbald [13], which he called a “Volcano Smoke”
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antenna. This antenna was used by the Radio Corporation of America (RCA) as an
experimental transmitter for Short Wave (SW) television signals (Figure 1.4) and
graced the top of the Empire State building for a number of years, coming to

symbolise the entire television research effort [5].

After this point development of wideband antennas was slow but steady. As the
television and radio communications industry expanded and the need for inexpensive,
easy to manufacture wideband antennas grew, new wideband designs were developed.
Notable among these were Marié¢’s wide band slot antenna (1962) and Stohr’s 1968
ellipsoidal monopole and dipole [14]. It was also in this period that the military
started to take an interest in UWB applications, in particular radar. The pulses
produced by UWB systems can be made very short by virtue of the fact that their
frequency bandwidths are so wide. This improved the accuracy with which the time of
flight of the pulse from transmitter to target and then back again could be measured,

improving the spatial accuracy of the devices [15], [12].

The 1970s saw renewed interest in UWB communications, at that time known as
“baseband” or “carrier-free” radio. It was found that the low-power ultra wideband
signals these radio systems produced could be transmitted alongside conventional
narrow band systems without causing interference in either system. However the same
problems encountered by the likes of Marconi and Lodge were still present; that of

how to transmit multiple signals simultaneously without interference [12].

1.1.3 The Modern UWB Era

It was in the early 1990s with the introduction of time-hopping impulse radio (TH-IR)
by Win and Sholtz [16] that the problem of multiple simultaneous users was solved
and UWB communications emerged as a commercially viable option. As a result there
was an explosion in research and designs of UWB antennas driven by the need for
small antennas to work with the proposed systems [12]. It was around this time (1990)
that a definition of UWB systems given by the Defence Advanced Research Projects
Agency (DARPA) [17] stated that a UWB system is déﬁned as one having a
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fractional bandwidth greater than 25%. More recently (2003) the classification of a
UWB system was redefined by the Federal Communications Commission (FCC) [18]
as one in which the fractional bandwidth is greater than 20%. At the same time the
FCC offered the alternative definition that any system with an absolute bandwidth

greater than S00 MHz should also be classed as UWB regardless of fractional
bandwidth.

One of the key obstacles to the commercial implementation of UWB technology was
political rather than technological. Convention’ally, radio operators are assigned a
narrow frequency range in which they may transmit. UWB systems violate those
assignments as they broadcast across such a large range of frequencies. It was argued
that UWB signals could be sent at the same frequencies as other transmissions
without interference [12]. The FCC’s response to this was, in 2002, to rule that
unlicensed UWB emissions may be made between 3.1 and 10.6 GHz within certain
limits that are determined by the application [19], This ruling set the current climate

for the development of this technology in which UWB research has flourished.

1.2 Contemporary UWB Applications

UWB technology has many potential applications. While the initial hype surrounding
the technology was exaggerated, some claiming that “UWB is the ultimate solution to
all problems in wireless”, many commercial uses have been identified [12]. Topics of
current research include: high data rate communication systems, for which a number
of different coding schemes have emerged; impulse radio [16] and Direct Sequence
Code Division Multiple Access radio (DS-CDMA) [20] to name two; dielectric
medium penetrating radar [21] which has proved to be an effective tool in many
applications such as land mine detection [22], non-intrusive archaeological
investigations [23] and the early detection of Breast Cancer [24], [25]. UWB

technology is also being used to implement geolocation.
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1.2.1 Communications

UWRB systems are seen as one of the most promising solutions for future short range
communication systems due to its potential for high-speed data rate and excellent
immunity to multi-path interference [26]. Possible applications include transmission
of high definition television signals from a set top box to a television and wireless
USB (universal serial bus) which could have data transmission rates of 480 Mbits/sec.
UWB technology offers many potential advantages over narrowband systems. These
include; low transmit power levels and possibly simpler hardware configurations [12].
Below,bthe main methods of communication using the UWB channel are discussed

along with their implications for antenna design.

1.2.1.1 Impulse radio and DS - CDMA (Direct Sequence Code Division
Multiple Access)

Impulse radio or “baseband” radio was first developed in the 1970s and was refined
by Win and Sholtz [16] who developed the idea of TH-IR, which allowed multiple
users to transmit on the same frequency spectrum without “catastrophic” interference
[12]. TH-IR uses signals in which each data bit is represented by a number of very
short pulses generated by multiplying a spreading sequence of zeros with +1°s located
at pseudo random positions. There are alternative methods of spreading a signal
across a wideband of frequencies; DS — CDMA is similar to the implementation of
TH-IR except that the spreading signal used is made up of only *lIs [12]. DS -
CDMA is intended to operate in the prescribed 3.1-10.6 GHz UWB frequency range
either in a sub band e.g. 3.1-5.15GHz or utilising the entire bandwidth. In order that
errors in the transmitted signals are kept to a minimum, distortion of the pulses must

be avoided. As a result of this the antenna used to transmit these signals must have a

number of important performance characteristics [27], [5];

e Wide impedance bandwidth — in order to efficiently transmit the UWB

signals, minimise reflection loss and avoid pulse distortion.
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e Radiation patterns that maintain reasonably constant amplitude and shape
across the operational frequency bandwidth which gives;
-  Relatively constant gain — minimising distortion
—  Fixed phase centre over frequency which will result in linear phase — If
the phase centre (the location of the effective centre of the spherical
wave produced by the antenna) moves with frequency, pulse dispersion
(or ringing) will occur.

¢ Good efficiency — so as to reduce power consumption.

The above terms will be discussed in more detail in the next chapter.

Due to the Ultra-short nature of the pulses and low spectral power density the
likelihood of detection and signal interception is low making this system attractive for

military applications [15].

1.2.1.2 OFDM (Orthogonal Frequency Division Multiplexing)

OFDM transmits information in parallel over a large bandwidth using a number of
 different frequency carriers each of which requires only a small amount of bandwidth,
In MB-OFDM a number of OFDM channels are combined in order to make use of the
frequency bandwidth available in the 3.1-10.6GHz UWB band [28]. As this system
does not transmit pulses it is less susceptible to signal dispersion however the
frequency band of operation, gain, impedance bandwidth, efficiency and pattern
stability are still important considerations when designing antenna for this type UWB

system [29].

1.2.1.3 Frequency Hopping (FH)

FH systems transmit a partial bit or number of bits at one frequency and then switch
frequencies before transmitting the next packet of information. FH radio can be
implemented as a multiple access system of its own or combined with an OFDM

scheme operating over a number of smaller frequency bands, which simplifies signal
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processing. As the antenna is transmitting at only one frequency at a time antenna
design considerations for a UWB antenna operating in a FH system are similar to that

of an MB-OFDM system [12].

All of the above systems are potentially intended for implementation in hand-held
devices. If this is the case then the size, ease of manufacture, cost and feed method

(balanced or not) of the antenna being used should also be considered [27].

1.2.2 Radar

All radar systems rely on the detection of reflected electromagnetic radiation from the
boundary between two materials with different electrical properties. Conventional
ngrrowband radar systems operate with modulated carriers and use a typical band
width of 10% [30], whereas UWB radars operate with a bandwidth greater than 25%
and transmit short high power pulses [12]. The nature of operation of UWB radar
gives it some distinct advantages over narrower band systems including;‘precision
distance measurements due to the very short length of the pulses, good energy
efficiency allowing its use in light, mobile battery operated sensors and reliable

operation in multipath and cluttered environments [31].

UWRB radar has many potential applications. Initially UWB radar was the preserve of
the military in the form of long range tracking of missiles efc. more recently many
other applications have been identified, due to its ability to penetrate walls, ground,
ice, mud concrete and the human body. Nowadays the most active area of UWB radar
research is that of short range imaging. This includes using Ground Penetrating Radar
(GPR) for humanitarian de-mining and non-invasive archaeological investigation,
through wall imaging and medical applications [32]. The latter includes the remote
monitoring of vital signs; heartbeat, breathing etc. and the imaging of various organs;

e.g. brain, heart and chest (Breast cancer detection) [33].

The short pulse type operation and therefore antenna design considerations for UWB

radar systems are similar to that of impulse radio and so the same requirements apply.
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However there are additional design criteria: Depending on the medium through
which the antenna is to transmit, dielectric loading of the antenna may have to be
taken into account. If the antenna is to be used in an array the way it reacts to the

antennas around it is also an issue as may be the geometrical size of the antenna.

1.2.3 Geolocation and Sensor Networks

For sensor networks and UWB Radio Frequency ID (RFID) knowing the exact
location of objects is critical. Unlike ranging, geolocation is the exact pinpointing of
an objects location in space. This is accomplished by positioning a number of passive
receivers around the space within which objects are to be tracked. These monitor
signals from any number of active tags which transmit ID pulses at regular time
intervals. Comparing the timings at which each passive sensor receives these pulses
allows the position of the tag to be found. As these tags must be as small as possible
and battery powered and the propagation pathway will be far from ideal, the low
power usage and multipath robust nature of UWB systems makes them an ideal
candidate for this application. For the same reasons a UWB radio channel is an ideal

method of transferring data between nodes of a sensor network.

1.2.4 A Final Thought on UWB Technology

UWB and wideband systems have had a chequered history with many false starts. -
Even now political and technological hurdles still have to be overcome before the
technology becomes widely accepted and commercially successful. An example of the
problem faced being the recently failed attempt by the IEEE work group 802.15.3a to
create a standard for Personal Area Networks (PANs). While many applications for
UWB technology have been identified herein the list is by no means exhaustive.
Many military applications are necessarily classified and as UWB is such a new

technology there are surely many applications that are yet to be identified.
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1.3 Thesis Overview

Chapter 2 examines the fundamental principles used to analyse the performance of
UWB antennas. As well as defining a number of terms and definitions used in the
subsequent chapters. Chapter 3 begins with a literature review of existing UWB
antenna designs and concludes with the .optimisation and analysis of a trident fed
monopole via Finite Difference Time Domain (FDTD) simulation and measurement.
Chapter 4 details the wide-slot antenna’s development using the University of
Bristol’s in house FDTD code. The designs for a cavity and a compact feed are then
presented and the resulting antenna is analysed to access its suitability for use in the

imaging system.

Chapter 5 presents a novel method of producing hybrid, orthogonal curvilinear
meshes with the aim of simulating a section of the Bristol imaging array. The meshing
procedure involves producing a volume of orthogonal curvilinear mesh that allows
Cartesian and spherical based meshes to be linked. The resulting orthogonal, hybrid
lattice can be simulated using a curvilinear-coordinate based FDTD program, with the
same efficiency as a standard cartesian based simulation with the same number of
nodes. The chapter goes on to examine a two antenna simulation that is used to test

the ability of the method to simulate the imaging array.

The first novel contribution of this work is the design of the wide-slot antenna and the
hybrid-meshing technique. Based on an existing design, this antenna was heavily
modified and optimised to operate in the imaging system. The cavity and bent feed
were also designed specifically for this application. The second major novel
contribution is the technique developed to construct the curvilinear, orthogonal mesh

in Chapter 5 and the way in which this mesh is then used as a basis to construct the

rest of the hybrid mesh.
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Chapter 2 Basic Antenna Elements

2.1 Introduction

There are a number of ways in which thg performance of an antenna can be
characterised. This chapter gives an introduction to the basic architecture of a generic
half wavelength dipole antenna before going onto give a description of the
characterization methods that will be used in this thesis, giving definitions of some of

the more technical jargon.

2.2 Antenna Architecture and Operation

An antenna can be thought of as a transitional region between a waveguide and free
space allowing guided electromagnetic energy to be radiated or conversely a free
space wave to be received (converting electrons into photons and vice versa). The
transition between these two regions is achieved by virtue of the fact that an antenna
acts as a transformer between the impedance seen at the terminals of the waveguide
feeding the antenna and that of free-space [1]. Antennas realize this transformation by
guiding charges along specially shaped metallic conductors and it is the acceleration
(and deceleration) of these charges that causes the radiation [2]. The basic radiation

equation is given by;
iL=0u @e.n

Where /= time changing cufrent (As™), L = length of current element (m), Q = charge
(C) and U = acceleration of charge. The radiation produced is perpendicular to the
direction of the current and the radiated power is proportional to the square of /L (or
Qv). From equation 2.1 it can be seen a time varying current as well as an accelerated
charge, radiates. For the short pulses and transient responses seen in UWB systems it

is often more relevant to focus on charge [2].

-18 -



Chapter 2 Basic Antenna Elements

2.2.1 An Example Antenna: The Half Wavelength Dipole

One of the simplest antenna is the half wave, centre fed, dipole. This antenna is
constructed from two armatures each a quarter of a wavelength long, arranged in a
linear fashion with each connected to one terminal of a transmission line. In a
transmitting configuration (Figure 2.1) a time varying, electromagnetic wave
propagates from the source along the transmission line to the central feed point of the
antenna. As the armatures are connected to different terminals one is driven positively
and the other negatively (they are 180° out of phase). The result of this is that the
current moves in the same direction along both armatures and as has already been

seen (Equation 2.1) a time varying current results in radiation [3].

AT S—
L= Direction of
B Propagation
I E-Plane
E-field
o . ¥ —
Gy
Transmitter | = 1L
Feed Wil M
point [ N
M
L v I — }\VJ\ v J
Source Transmission Antenna Free space

line

Figure 2.1 A dipole antenna in a transmitting configuration [2].

In receiving mode the process is reversed; the electromagnetic wave inducing a
current in the armatures which propagates down the transmission line to be picked up

by a receiver.

The electromagnetic wave radiated by the dipole and indeed any radiation source, is

made up of two components that are both orthogonal to each other and the direction of
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propagation (Figure 2.1). The Electric or E-field acts in the E-plane which is defined
by and in the same orientation as the direction of charge acceleration and the direction
of propagation. The Magnetic or H-field acts in the H-plane which is orientated at 90°
to the E-plane. As both field components act at 90° to the direction of travel they are

known collectively as a transverse electromagnetic wave [4].

The power associated with an electromagnetic wave in the far field region (see
Section 2.2.3) is given by the quantity known as the “Poynting vector”, the

instantaneous value of which (S) is given by the equation [5];
S=E,xH, (CRY

where E; and H; are the instantaneous values of the E and H fields. For applications
where the fields are varying with time it is often more desirable to find the average
power density (S,,) which is found using the complex (phasor) representation values
of E and H [5];

S,, = %Re[Ex i 22

av —

2.2.2 Frequency and Resonance

The frequency at which an antenna is intended to operate has a direct effect on its
geometrical size. The dipole above will radiate most effectively when it is operating at
frequency where the wavelength is twice that of the antenna’s length. This due to the
fact that at this frequency a sinusoidal standing wave is set up in the current along the
axis of the antenna with a maximum at the feed point and zero current at the armature

ends (Figure 2.2) i.e. the antenna is resonant,
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— = el I
I _ Direction
J of current
:.1. hE <T_<’}\
L<< A L= > A > A

Figure 2.2 The current distribution along dipoles of varying lengths [5]

The input impedance at the terminals of an antenna (Zin), is given by the following

expression [5];
Zm . (RL + RR)+ .]XA (2'3)

Where R, is the resistance associated with conduction and dielectric losses in the
antenna, Ry is the resistance associated with radiation from the antenna and X is the
reactance associated with radiation from the antenna. When the antenna is resonant X
tends to zero. Provided that the feed line has the same impedance as, and so is
matched to (see Section 2.4.4), the resonant antenna this will result in all the power
from the source being transferred to R, and Rg resulting in the maximum possible
radiation for a given power. Above and below the resonant frequency the antenna is
de-tuned and a standing wave cannot form. This is illustrated in the current
distribution along dipoles of varying lengths (Figure 2.2). This results in the antenna

becoming reactive and energy being stored rather than radiated [5].
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2.2.3 Antenna Fields

Region A : Reactive near-field
reglon

Region B : Radlating near-field
(Fresnel) region

Region C : Far-field (Fraunhofer)
region

R,= 06201

R,= 2071\

Figure 2.3 Field regions of an antenna [5].

The fields around an antenna are made up of three regions (Figure 2.3). The field
region closest to the antenna, known as the reactive near-field, is the region closet to
the antenna wherein the reactive field predominates. This region is generally

considered to be defined as:

R<0.62VD*/ A (2.4)

The second part of the near-field is known as the radiating near-field or Fresnel region
and is defined as the region wherein radiating fields are predominant and the angular

field distribution is dependent on the radius R. In free space the Fresnel region is

generally considered to be defined as;

0.62VD*/A <R<2D*/2 (2.5)

The third region is the far-field or Fraunhofer region wherein the angular field
distribution is unaffected by distance from the antenna and as a result it is this region
in which radiation patterns are measured (see Section 2.4.2.1). This region is defined

as that extending from the boundary of the Fresnel region to infinity [5];
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R>2D*/A (2.6)

2.3 Bandwidth

The bandwidth of an antenna can be defined as “the range of frequencies within
which the performance of the antenna, with respect to some characteristic conforms to
a specified standard” [5]. The characteristics that define the bandwidth of an antenna
are usually separated into two distinct groups namely those which are classed as
defining pattern bandwidth i.e. pattern shape, gain and phase and polarization and
those which define impedance bandwidth i.e. input impedance and efficiency [2]. For
narrow band antennas where pattern characteristics remain unchanged, the impedance
bandwidth of an antenna is often sufficient measure. However when it comes to
considering UWB antennas a more holistic approach must be taken and ultimately it
- is the range of frequencies over which the antenna meets a number of desired

specifications that determines the bandwidth [1].

In this section the various definitions of bandwidth will be discussed and the various
parameters used to define the upper (fi) and lower (f1) frequencies of the operational
bandwidth will be introduced and their impact and relevance to the definition of

bandwidth for a UWB antenna discussed.

2.3.1 Bandwidth Definitions

The simplest way to define the bandwidth (BW) of an antenna is to simply state the

width of the frequency band over which the antenna operates:

BW = fu - [fi @7

Alternatively it can be defined as a ratio of the upper frequency to lower frequency i.e.

Ju:fu And so an antenna operating from 1 to 2 GHz will have a 2 : 1 bandwidth.
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It is sometimes useful to define the bandwidth in terms of the bandwidth centre

frequency (fc). The fractional bandwidth (bw) is given by:

bw =22 (2.8)
TR

The result of this calculation can also be expressed as a percentage. The central

frequency can also be defined in one of two ways; the first being the arithmetic centre;

Je =%(fH +fL) (2.9)

or alternatively the geometric centre can be found;

fc =\)fH'fL (2.10)

Although sometimes the geometric centre is more applicable to the physics of

electromagnetics the arithmetic centre is more widely used [1].

2.4 Defining Bandwidth Frequency Limits

While calculating the bandwidth of a UWB antenna is relatively trivial defining the
frequency limits £} and fy is not. Below are some of the factors that shou}d be taken

into account while defining these limits.

2.4.1 Polarization

The polarization of an antenna is defined as “the polarization (orientation of the E-
field component) of the wave transmitted by the antenna at bore-sight” [5]. Observing
the time varying E-field vector produced by the dipole (E;) seen earlier, in a plane

orthogonal to the direction of propagation and looking in the direction toward the
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antenna, it would be seen that the E-field vector describes a straight line in the

orientation of the dipole. This is known as linear polarization (Figure 2.4(a)).

Linear Polarisation Linear Diagonal Polarization
PhaseE, »Phass E,+0°

E : E
¢) d)
=E#+ Ez =E+ Ez
Ez Ez
Circular Polarization Eliptical Polarization
PhaseE,=Phase E,- 90 PhaseE, =Phass E,- 90°

Figure 2.4 (a) Linear, (b) Diagonal, (c) Circular and (d) elliptical polarization states

for an electromagnetic wave (direction of travel out of the page) [6]

If two such dipoles were placed orthogonal to one another and fed in phase the E-
fields (E; and E;) combine to form a vector would describe a diagonal line. This is
known as diagonal or tilted polarisation (Figure 2.4(b)). If the second dipole is fed -
90° out of phase with the first then the E-field vector would describe a circle with the
~ vector rotating in a clockwise direction. This is known as right hand or clockwise
circular polarisation (Figure 2.4(c)). If the second dipole were fed +90° out of phase
with the first the E-field vector would describe an anticlockwise circle, which is
known as anti-clockwise or left-hand circular polarisation. The aforementioned

examples are special cases of elliptical polarisation (Figure 2.4(d)). In general most
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antennas have two E-field components that are not of the same magnitude and so the
E-field vector describes an ellipse. This is known as elliptical polarisation and as in

the case of circular polarisation it can either be clock-wise or anti-clockwise [6].

As a UWB system usually consists of two identical antennas with a Line Of Sight
(LOS) propagation path any variation of polarisation with frequency in one antenna
will be matched by the same change in the other. As a result frequency dependent
polarisation will have little effect on the system. Of more concern in the instance is
misalignment of the antennas resulting in a polarisation mismatch and a loss of power.
One scenario when polarisation would be a concern would be when there two
different UWB antennas are in the system e.g. a base station transmitting to a remote
device. In this case it would be beneficial for both antennas to have a stable
polarisation response and £, and f;; would be dictated by the frequency band where

this was the case.

2.4.2 Radiation Patterns

o b) c)
Major lobe 3dB

Side lobe
Minor lobes

X Back lobe
Figure 2.5 (a) The spherical co-ordinate system (b) a 3D power radiation pattern of a

directional antenna ¢) A 2D normalised power radiation pattern expressed in dB,

showing the HPBW (2]
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A far-field radiation pattern (Figure 2.5(b)) is a measure of the 3D variations of the E-
field or power (which is proportional to the field squared) in the far field region. The
radiation pattern is given as a function of spherical co-ordinates (Figure 2.5(a)), the
value of r being dictated by the field or power [2]). When a pattern is displayed it is

usually done in terms of normalised values; for the case of power this is given by:

13,(9,¢)=§‘(§%)— (2.11)

where S(0,¢) max is the maximum pointing vector.

A radiation pattern is often made up of a major lobe in which is the direction of
maximum radiation. Other lobes are known as minor lobes and are either classed as
side lobes which generally have their major axis within 90° of the major lobe or back
lobes which are in the opposite direction to the major lobe (Figure 2.5(b)) [5]. Patterns
can either be displayed in 3D form or in 2D planes with the major lobe orientated
along the z axis (direction of maximum radiation is also known as bore-sight). If a
pattern is to be displayed in 2D form then it is usual for two orthogonal cuts of the
major lobe to be displayed, for a linearly polarized antenna (see Section 2.4.1) these
are typically chosen as the E and H-planes and known as the principle planes. Figure
2.5(c) shows a 2D cut of a power radiation pattern expressed in dB. Included in this
diagram is the Half Power Beam Width (HPBW), a useful measure of the radiation
pattern shape. The HPBW found by measuring the angle between the -3dB (half

power) points of the major lobe [2].

24.2.1 Types of Radiation Pattern

There are three general types of radiation pattern (Figure 2.6). The simplest is the
hypothetical isotropic pattern which radiates/receives equally in all directions. This
pattern is physically impossible because electromagnetic waves are transverse.
However this pattern is useful because it serves as a reference point for comparing the

patterns of other antenna. The pattern closest to the isotopic that is still physically
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possible is the omni-directional pattern that provides coverage at all angles in a
particular plane. This is the type of pattern produced by the dipole in Section 2.2.2
and monopoles and is the pattern type chosen for many consumer devices as it offers
good all round coverage. The majority of antennas have a directional pattern, that is,

they radiate more effectively in one direction than others (the omni-directional pattern

is a special type of directional pattern) [1].

ISOTROPIC OMNIDIRECTIONAL
DIRECTIONAL

Figure 2.6 Types of radiation pattern

Radiation patterns dictate the bandwidth of UWB systems by virtue of the fact that
they are dependent on frequency. Ideally the patterns produced by a UWB antenna
will remain constant with frequency in practice some limits must be chosen to dictate
when the pattern becomes unacceptable giving the values of f, and fi. How these
limits are chosen is dependent on the application but could be based on beam width or

angle [1].

2.4.3 Directivity and Gain

The directivity (D) of an antenna is a measure of the ability of an antenna to direct

energy in a given direction. Antennas with a high directivity have by definition a
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highly directive radiation pattern. Directivity is equal to the ratio of the maximum
power density P(6,¢)mex (measured at bore-sight) to the average power density

. P(6,0),y radiated by an antenna in it’s far field [2];

_ maximum power density _ P(H,(p),,,a,, (2.12)

D
average power density ~ P(0,0),,

Directivity can also be given in terms of the ratio of the beam area in the far-field of
an antenna (£2,) to that of the beam area or solid beam angle of an isotropic source (47

steradians (sr) or square degrees (°) [2);

p=Ar (2.13)

If an antenna’s radiation pattern is made up of one major lobe this equation can be
approximated by finding Q4 in terms of the HPBW of the major lobe in two

orthogonal planes 6yp; and 8yp;. This gives an approximate value for the directivity of

[51;

p=_27 2.14)

aHP I 0HP2

which, rewritten in terms of degrees and so as to obtain the answer in decibels gives;

2
D =1010gl:41’253 deg } (2.15)

HP1Y HP2

The Gain of an antenna (G) is an actual realized value and is related to the directivity

of an antenna by the efficiency factor (#);

G=nD (2.16)

UNIVERSITY OF BRISTOL
QUEEN'S LIBRARY
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The efficiency factor takes into account the ohmic losses in the antenna and is given

by;

(2.17)

where P,y and P;, are the radiated power and the input power at the antenna
terminals. It should be noted that for very efficient antenna where 1 — 1 the gain and

directivity are approximately equal.

For narrowband antenna efficiency and directivity and therefore gain do not alter
significantly across the antenna’s operational bandwidth and a single value is given
for each parameter. For UWB antennas this is not the case. In most applications it is
desirable that the gain remain constant across the required frequency bandwidth as
this results in the high and low frequency components of a signal being uniformly
transmitted, resulting in minimal distortion of time domain signals [1] (see Section
2.5).

iy

Bandwidth

’;flequency

10dB Max gain

gain
(dB)

Figure 2.7 Gain versus frequency plot showing -10dB “gain bandwidth” [1]
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One method of determining the “gain bandwidth” is to set the frequency limits at the
points where the gain falls to a certain level below its maximum. Figure 2.7 shows a
gain/frequency plot showing how the frequency limits are found using a typical value

of -10dB as the bandwidth limit.

2.4.4 Impedance Bandwidth

An antenna can be thought of as an impedance load (Z;) on the end of a transmission

line with impedance of (Zy) as in Figure 2.8.

Incident wave o
e V(z)

Z,

N+
-

™ Reflected wave
S

Figure 2.8 A transmission line terminated by an antenna represented by an impedance

load [7]

The magnitude of the voltages of the incident and reflected waves are ¥, and Vy
respectively. As mentioned previously in order to maximise the amount of power
transmitted by an antenna it must have a good match with the connecting transmission
line. If there is an impedance mismatch at the antenna feed point some of the
incoming energy will be reflected and ¥ will be greater than zero. The amount of
energy reflected, known as the return loss is usually expressed in terms of either a

scattering parameter S;; also known as the reflection coefficient (I)) given by the

equation [7];

rn _%4.-% (2.18)
VW Z,+Z,
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and usually expressed in dB;
['(dB) = 20log,,(I")

Alternatively the return loss can be measured in terms of the Voltage Standing Wave
Ratio (VSWR); if there is a mismatch between Z; and Zj the reflected wave will set up
a standing wave in the voltage along the transmission line. The ratio of the maximum
voltage to the minimum is a measure of the magnitude of the reflected wave and is

known as the VSWR [7];

s = Voo _ LT (2.19)
Vo 1-|T]

min

When deciding the level of return loss that is acceptable the value chosen is dependant
on application: A low pulse rate positioning system that relies on capturing the
leading edge of a received wave form may be very tolerant of mismatch whereas a
pulse based radar system, which would interpret the reflected wave as a response from
a target and so create a “ghost” image, would not. For most applications a VSWR of
less than 2:1 or a return loss of less than -10 dB is chosen. The frequency limits are
then dictated by the points at which the return loss of the antenna falls below these

values [1] (see Figure 2.9)

fu fi Frequency

o1 5'10 BandwidthE

-10

(dB)

Figure 2.9 The Sy, of a hypothetical antenna showing the -10 dB bandwidth
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Using the impedance bandwidth of an antenna as the sole method for determining
bandwidth can be highly deceptive. Energy that is absorbed by the antenna is not
necessarily radiated; indeed a 50Q load on a 50Q transmission line will have an
extremely good return loss but will radiate nothing. As a consequence the impedance

bandwidth must be considered in conjunction with the radiation performance of an

antenna [1].

2.4.5 Antenna Transfer Function

In order to design an antenna that operates effectively over a large bandwidth all the
above factors should be taken into account and a “holistic” approach taken for UWB
antenna design. A useful tool in this respect is the system transfer function for a two
antenna system. Figure 2.10 shows the typical arrangement for such a UWB
measurement which consists of two identical copies of the antenna under test (AUT)
orientated such that each antenna has the same face directed toward the other antenna.
The transfer responses are found by measuring the S, (transmission loss), usually

with a Vector Network Analyser (VNA) [6].

Transmit Recieve
Antenna Antenna
u M
v (t) = 3 v, (1)
G, (w) 2 6,(w)
Transmitter Reciever
] Tx Antenna / \ Rx Antenna
Zs 7 Z;
LOAD
Ve (w) H, (@.6,%) \ / H {@.6.%) Vi (@)
— ] f— —

Figure 2.10 Illustration of a transmit/receive antenna system and a block diagram of

the system transfer function [6].

.33 -



Chapter 2 Basic Antenna Elements

The system transfer function (H(w)) is given by the ratio of the voltage at the receiver

(V{w)) to that at the transmitter (V(w)). This can be rewritten in terms of the time

average power at the transmitter (P{w)) and receiver (P{w)) ;

P\@)Z,4p
P(o) 4z,

Hlw)= V(@) _

¢ /o) (2.20)
V(o)

where Zio4p is the impedance at the receiver and Z; is the transmit antenna

impedance. It should be noted that P,(w)/P(w)can also be given in terms of the

frequency dependent Friss equation [6];
EE- ) (-rto) ) 01| a0 (2] a0
P,( pl pr 47”' v
where I (w)and I'; () are the return losses at the output of the receiving antenna and
the input of the transmitting antenna, G, and G, are the gains of the receiving and
transmitting antenna, | p(w) ¢ p(w) |* is the polarisation matching between the
transmit antenna and the output of the receiving antenna and r is the distance between
the antennas. From this relationship it can be seen that the magnitude of H(w) is
related to the gain (and so radiation pattern), the return loss and polarisation of the

antennas and as such is a good measure of overall system effectiveness and therefore

the antennas therein [6].

An altemative way of regarding the transfer function is to consider the antenna system
above as a series of linear sub systems connected in cascade. As this is the case the
system response can be expressed in terms of the transfer functions of the individual
cascaded subsystems. According to the Rayleigh-Carson reciprocity theorem, in the
time domain the transmitting and receiving transfer functions for a UWB antenna are
not equal; the transmitting transfer function is equal to the time derivative of the

receiving transfer function [7];
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Hm(r,e,co)=951%§-}f”—i”—) 222)
or in the frequency domain
jo
H,,(0,0,0)= —Hy (0,6,0) (2.23)

o

where w=2xf, fis the operating frequency and ¢, is the free-space velocity of light.
The system transfer function, in the frequency domain, for two antennas that are

separated by distance r is;

- fkr
e J

H(o)= Hy(0,0,0)H,,(0,0,0) - 2.24)

If these antennas are identical and orientated such that each antenna has the same face
directed toward the other antenna this can be rewritten in terms of the receiving

transfer function;

. - jkr
H(w)= Hy,(w,6,0) lanirc- (2.25)

4

The system transfer function has both magnitude and phase components. The
requirements for successful transmission of pulses for systems such as UWB radar are
that the magnitude be as flat as possible and the phase as linear as possible. If this is
not the case then the received pulse will be distorted and dispersed (see next Section).
The bandwidth limits can therefore be assigned when either the magnitude of H(w)
falls a particular level below its maximum or the phase becomes non-linear.
Alternatively H{w) can be used to synthesise transmitted pulses and the fidelity of the

pulse measured (see Section 2.5.3) and the effectiveness of the system gauged in this

manner.

-35.



Chapter 2 Basic Antenna Elements

2.5 Dispersion and Distortion

In order that a UWB antenna transmit or receive pulses effectively distortion of the
pulses must be kept to a minimum. Distortion of the pulses can occur for a number of
reasons two of these being a transfer function magnitude that is not constant and

nonlinear phase of the antenna transfer function.

2.5.1 Variable Transfer Function Magnitude

If the gain of an antenna and therefore the transfer function varies significantly across
the operational frequency range, the different frequency components of a pulse
transmitted by the antenna will be radiated at different magnitudes. When this pulse is
then received the resulting output will be a distorted version of the original signal. In
order to minimise this effect the magnitude of the transfer function should ideally

remain constant across the required frequency range [6].

2.5.2 Non-linear Phase and Dispersion

As mentioned previously considering the classic narrowband criteria is often not
sufficient to describe the performance of UWB antenna. This is particularly the case
for antenna pattern where the gain, which is a scalar property, doesn’t take into
account variations in phase that can significantly affect the performance of a UWB

antenna.

Classical frequency independent antennas such as the log spiral rely on their geometry
to maintain their performance over a large band of frequencies. These antennas radiate
the high frequency components of a transmit signal from a small portion of their
structure while the lower frequency components are transmitted from a larger portion.
This results in the effective origin of the transmitted signal or “phase centre” of the

antenna, moving with frequency or angle. The consequence of this being a system
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transfer function that has non-linear phase behaviour with respect to frequency

causing distortion of transmitted pulses. This distortion manifests itself in two wayé:

1. Dispersion or stretching of a UWB signal waveform into a longer more
distorted waveform. This is typically seen as late time ringing in the
transmitted signal (Figure 2.11). Antennas that have this property are known

as dispersive antenna.

2. Signal chirp where the high frequency components of the transmitted signal
appear at the beginning of the received signal and lower fréquency

components are prevalent toward the end. [8]

ﬂ n 0/ Distortion of signal

~
Late time ringing
U {slgnal dispersion)

SlgnM sight Distorted Signal at an

angle away from
boresight

Figure 2.11 Comparison of a non-dispersive, normalised signal transmitted at the bore
sight of an antenna pattern with the corresponding normalised signal transmitted away

from bore sight which shows significant distortion and dispersion.,

2.5.3 Fidelity

The fidelity of a received pulse is a quantity used to evaluate the quality of that pulse.

Or in other words the level of distortion in a received signal. It is therefore an

-37-



Chapter 2 Basic Antenna Elements

excellent tool for the evaluation of signals synthesised from a measured system .
transfer function (see Section 2.4.5) in order to gadge the effectiveness of that system
and so the antennas contained therein. Quantatively the fidelity F is the maximum
magnitude of the cross correlation between the normalized observed response and an

ideal response [9].
F=max, [§(t-)-E(t)it (2.26)

Where é(r)is the observed voltage waveform normalized to unit energy I:Z(t) is the
normalised reference E-field and 7 is the time delay applied to é(¢) . The fidelity of the

pulses produced by an antenna or those synthesised from a system transfer function
are a good measure of the ability of that system to work effectively. It is generally

considered that fidelity greater than 90% is a good result.

2.6 Summary

This chapter has introduced basic antenna concepts and terminology as well as
techniques for accessing the performance of UWB antennas. Antenna parameters such
as pattern, gain, reflection coefficient (S;;) have been introduced and it has been
highlighted that unlike the case of narrow band antennas whose performance can be
gauged solely on these parameters a more holistic approach must be taken with UWB
antenna design. All of the narrow band performance criteria should be taken into
account noting how they vary across the operational frequency band but of equal
importance is to access the ability of an antenna to effectively radiate and receive
UWB signals. This can be accomplished by measuring the signals transmitted by a
system directly or measuring system transfer function of two identical AUTs and

calculating the fidelity of signals synthesised from that transfer function.
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3.1 Introduction

In general there are two methods of communication that utilise the UWB spectrum;
those that split the spectrum up into sub-bands and operate on a multi-band basis or
frequency hop e.g. MB-OFDM and fast frequency hopping radio and those that utilise
the entire spectrum employing very short pulses e.g. impulse radio and DS — CDMA
[1]. Both these methods of operation place considerable demands on an antenna; both
techniques demand a wide impedance bandwidth, steady radiation patterns and hence
gain in the direction of interest and high radiation efficiency. In addition to this pulsed
Systems require an antenna with a stationary phase centre and hence linear phase
response so as to avoid dispersion and late-time ringing in the received signal. If these
antennas are to be used in consumer products they must be cheap to produce. In
addition to this if the antenna is intended for use in a fixed device the antenna should
be compact and robust, alternatively if the proposed application is that of a mobile
device the antenna should have an omni-directional radiation pattern, be of small
geometrical size, low profile and be easy to integrate into the device [2]. These
requirements make the design of such an antenna one of the most challenging

elements of a UWB system

This chapter presents some UWB antennas that have been proposed for use in UWB
radio systems. These can be divided up into three main groups; small element
clectrical antennas, small element magnetic antennas and horn type antennas [3]. This
chapter then goes on to give an in depth examination of a square plate, trident fed

- monopole that has potential for use in UWB radio system.

3.2 Small Element Electrical Antennas

Small element electrical antennas are the physical realisation of the Hertzian ideal
dipole and can be thought as being voltage driven with a predominantly electric near-
field. These antennas are the largest, most varied group of UWB antennas around

today and have their history rooted in the very beginnings of wide-band
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communications; Sir Oliver Lodge giving the first descriptions of such antennas in his
1898 patent “Electric telegraphy” [4]. Small element electrical antennas are perhaps
some of the most important antennas for communications, their compact size and
omni-directional radiation patterns making them ideal candidates for consumer
applications. There are a number of families of antennas in this group including;
volumetric dipoles and monopoles, discones and their planar, 2D counterparts [3].
Each family will be discussed and a number of examples will be given of antennas

that have been proposed for use in UWB communications.

3.2.1 Volumetric Antennas

Volumetric antennas have a three dimensional structure, the very nature of their 3D
varying geometry giving this type of antenna a wide impedance bandwidth with
stable, omni-directional radiation pattern that provides good gain and phase response

across a large frequency range [1].

3.2.1.1 Conical Antennas

wheA—T \

h=20mm 30
w=52mm

Return Loss (dB)

LR 40 L] 6.0 7o 80 9.0 100 106

Frequency (GHz)

Figure 3.1 (a) a biconical antenna for UWB communications (b) return loss of antenna

in (a) [5]

One of the simplest volumetric antennas is the biconical dipole [5]. A biconical

antenna is basically made up of two cones with their vertexes placed end to end and

1
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can be thought of as a uniformly tapered transmission line. An example of this type of
antenna that has been designed for use in a communication system can be seen in
Figure 3.1(a). This particular example is coaxially fed and has plate loading at each

end and shorting posts so as to reduce the electrical size of the antenna.

This particular antenna shows a wide impedance bandwidth (Figure 3.1(b)) with a -
10dB bandwidth that covers the whole of the UWB spectrum. This antenna also has a
relatively stable omni-directional radiation pattern and constant gain across the same

frequency range, the gain varying by no more than +5dB at an angle of 22.5° away

from bore sight.

3.2.1.2 The Discone

b) g 10
3
5
B
2
27.5mm :g 8
g
M -

| R TR TR RS T AR
Froquercy (i)

Figure 3.2 (a) A discone antenna intended for use in a UWB communication system

(b) the return loss and gain of the antenna in (a). [7]

Rather than driving the elements of the biconical antenna against one another. One
clement can be driven against a ground plane to give a conical monopole or
monocone antenna. This can be done with any dipole antenna to produce an
equivalent monopole. Taking this one step further and reducing the size of the ground
plane until it becomes electrically small, results in a discone antenna (Figure 3.2 (a)).

Discone antennas have previously found use in the UHF band [6] but are now being
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investigated for use in UWB applications, including communications and show

promising results being compact and relatively easy to manufacture [2], [7], [8], [9].

A discone antenna intended for use in a UWB Communication system can be seen in
Figure 3.2(a) [7], [9]. This antenna has relatively stable gain characteristics and a
wide impedance bandwidth (Figure 3.2(b)). The antenna has a relatively stable,
radiation pattern that remains omni-directional in the x-y plane from 3-11 GHz. In the
z-y plane the antenna pattern maintains an approximation to a 1/2 A dipole pattern

across the frequency range but starts to degrade to a multi-lobe pattern by 11 GHz.

3.2.1.3 Bulbous Antenna

a) 100mm b)
18
FCC-approved UWB frcqu.cncy = Measured
16 B — = Calculated
e
=4 |
v
-
12
L
1.0 . A A o
0 3 10 15 20

Frequency [GHz]

Coaxial Cable

Figure 3.3 (a) A UWB teardrop antenna (b) measured and calculated VSWR for the

antenna in (a) [10]

Bulbous antennas have, as their name suggests, a curved 3D structure. Usually this
type of antenna is made as a surface-of-revolution i.e. they are made by taking a curve
or taper and rotating it about an axis to form a solid surface. The centre frequency of
this antenna type is not so much dependent on the element height but more on the
circumferential path from the feed to the far side of the antenna. Lindenblad’s
“Volcano Smoke” antenna intended for use in Short Wave (SW) television

transmissions was an early example of such an antenna (Figure 1.5). The very nature
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of this type of antenna means that there are many possible element shapes however
for ease of manufacture more simple shapes are preferred. Modern bulbous antennas
include cylindrical elements [11] and simplified versions of the volcano smoke
antenna (teardrop) antenna [10], [12]. An example of a teardrop monopole can be seen

in Figure 3.3 (a).

As can be seen from Figure 3.3(b) this antenna has a wide impedance bandwidth and
in addition to this it also has very stable, monopble-type, frequency independent
radiation patterns which make it a good candidate for UWB applications. The problem
with this antenna and indeed all volumetric antennas is that they are difficult to
manufacture. In addition to this if a cross section is taken through a volumetric
antenna and this is used as a template for a planar, two dimensional antenna then the
- performance of the planar antenna will be roughly comparable to the equivalent
volumetric antenna. As planar antennas are easy and cheap to manufacture and much
less bulky, volumetric antennas will rarely be used unless their shape is an advantage

in itself, Planar small-element electrical antenna will be discussed in the next section

[3].

3.2.2 Planar Antennas

Planar antenna elements are a direct evolution of three dimensional volumetric
designs. As mentioned in the previous section this type of antenna offers many
advantages over volumetric antennas while offering comparable performance. The
majority of antennas of this type are either metal plate antenna or manufactured on
Printed Circuit Board (PCB), this means that they are cheap and can be easily
integrated into devices. This combined with their omni-directional radiation pattern
and good UWB characteristics make them ideal candidates for mobile consumer

Products [2].
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3.2.2.1 Printed Dipoles

Printed dipole antennas consist of two planar 2D elements, printed on a substrate,
whose wide bandwidth is a result of their 2D nature. As with the volumetric antenna
the performance of printed dipole antennas is dictated by the shape and size of the
antenna elements. PCB manufacture allows these antennas to be made precisely,
easily and cheaply. The fact that they are printed on a substrate with relative
permittivity greater than free space means that they can be made more compact than
an equivalent metal plate antenna while operating over the same frequency range.
Printed Dipoles [13], [14], [15], [16], [17], [18], [19] were one of the first types of
PCB UWB antenna to be proposed and offer frequency stable radiation properties and
impedance bandwidth required for UWB operation [3].

b)

Gain[dBi]

4 6 8 10 12

0 -1
frequency[GHz)
1200
1000
~ 800
WL E“ 600
Z _~ Microstrip line *

| |Ih _g_ 400
—x = Ground Plane 200
0
=200

3 4 5 6 7 8 9 10 11
frequency|GHz)

Figure 3.4 (a) a printed bowtie antenna and (b) the antennas peak gain and phase. [20]
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Bowtie Antenna

Bow tie antennas are the planar analogues of biconical antennas and consist of two
planar isosceles triangle elements placed apex to apex and fed at their centre. This
type of antenna was first presented by Lodge in 1898 [4] in the same patent as the
biconical antenna. Bow tie antennas of this type show promise in their UWB radiation
characteristics but unfortunately they are difficult to match due to their impedance

response, which shows significant variations across the UWB band, [3].

Another major drawback of using this antenna type, and indeed all dipoles, is that a
dipole is a balanced system whereas most common transmission line types capable of
feeding a printed dipole i.e. coax and microstrip are unbalanced. To combat this
problem a balun must be used, this not only increases the complexity of the antenna
but also producing a simple balun with sufficiently wide bandwidth is a significant
engineering challenge. A number of examples providing solutions to over come these
problems can be seen in [4], [21], [22]. In addition to this a number of examples of
modified bowtie antenna have been suggested for use in communications [23], [20] an

¢xample of which can be seen in Figure 3.4 (a).
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Figure 3.5 (a) schematic of a diamond dipole (b) Return loss and VSWR of the dipole
presented in [24]
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Figure 3.5 (b) illustrates the bow tie antenna in (a) shows promising UWB
characteristics; the gain remaining relatively constant, varying by a maximum of 1.5
dBi, and the phase remaining linear across the 3.1-10.6 GHz UWB frequency band.
This is also borne out in the radiation patterns which are relatively stable and of a
quasi-omnidirectional nature. The -10dB impedance bandwidth of this antenna is

approximately from 3.3GHz -10.5GHz with a few discrepancies at high frequency.

The Diamond Dipole

The diamond dipole design arose from a search for an antenna with good non-
dispersive UWB characteristics combined with a good impedance match. A diamond
is made up of two isosceles triangles, whose height and base are scaled to be ¥ A at
the centre frequency of interest. Schantz and Fullerton examined a diamond dipole in
[20] (Figure 3.5). It was highlighted that while the antenna is non-dispersive and the
gain of two such antenna have a quasi-Gaussian response that could prove useful in

some applications.

Figure 3.6 Attempts to improve the impedance bandwidth of diamond dipoles; (a) the
rounded diamond [25] and (b) the bishops hat antenna [26]

-48 -



Chapter 3 UWB Antennas for Communications

The negative aspect of this antenna’s performance is poor impedance matching
(Figure 3.5(b)) which never falls below -8dB across the frequency rangé examined.
Various attempts have been made to improve the matching including rounding edges
of the antenna next to the feed [25] (Figure 3.6(a)) and the development of the bishops
hat antenna [26] (Figure 3.6(b)). The rounded dipole has a -10dB impedance
bandwidth of 3GHz from 2.5-5.5GHz and stable radiation patterns from 3-6GHz
allowing it to operate in the lower half of the UWB band. The bishop’s hat antenna
has good matching from +3.5GHz and has a stable dipole type radiation pattern.

Circular and Elliptical Dipoles

A

8
¥ Lt

2

Height
v a'{"""""‘f' 2

| 35 ' Width

mm

Figure 3.7 Elliptical dipoles, of axial ratios 1:1, 1:1.25, 1:1.5 and 1.75 intended for
use in the UWB band [27].

Circular and elliptical printed dipole antennas for UWB communications have
recently attracted a lot of interest [4] [21] [26] [27] [28] [29]. These antennas offer
good dipole performance over almost two octaves while offering a more compact
geometry than traditional UWB antennas e.g. the bow-tie antenna. These antennas are
made up of elements that are elliptical with varying axial ratios; width:height. Figure
3.7 shows a number of antennas with different ratios intended to operate at UWB
frequencies. It has been found that increasing the axial ratio improves the antenna
Matching but has a detrimental effect on the uniformity of the radiation pattern. The

choice of antenna is therefore dictated by application; lower axial ratios when pattern
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1s important, higher ratios where matching is critical. For most applications an axial

ratio 1.25-1.5 is optimum [27].

Figure 3.8(a) shows an elliptical element dipole that is microstrip fed using a balun
transformer (see thining section of microstrip in Figure 3.8(a)). This antenna has a
large -10dB impedance bandwidth from 2.5-7+ GHz (Figure 3.8(b)) and maintains a
very flat gain between 2-6 GHz (gain and impedance bandwidths extend well beyond
these limits with slightly degraded performance.

=
g

Return Loss (dB)

300 -

B R e e e o el F E e S e |
00 D5 10 15 20 25 30 15 40 45 S0 55 &0 65 20
Frequency (GHz)

Figure 3.8 (a) A bottom fed planar elliptical dipole and (b) the return loss [21]

As the gain would suggest this antenna has a stable radiation pattern over the UWB
band with a typical omni-directional dipole “doughnut”. This antenna is intended for

use with pulsed systems and transmits pulses well with little distortion [21].
Other Dipole Shapes

The number of designs possible in this class of antenna is almost limitless as virtually
any shape imaginable may be used as a planar element [3]. In addition to those
antennas discussed above other element shapes that have been suggested for use in
UWB communications include; “bell” shaped dipole antenna [30], [31], [32], [33]

(Figure 3.9(a)) which consist of two rectangular elements rounded at the feed, “PICA”
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(Planar Inverted Cone Antenna) type antennas [34], [35] that have a “tear drop” shape

(Figure 3.9(b)) and modified bowtie antennas such as the lotus antenna suggested in
[22].

Figure 3.9 (a) A bell dipole [30], (b) a “PICA” Dipole [35] and (c) a dipole whose

elements were designed using a genetic algorithm [36].

In addition to this attempts have been made to create an optimised element using
genetic algorithms in which a set or population of potential solutions is caused to
“evolve” in a Darwinian manner towards a “global optimal solution” [36], [12]. This
approach has met with some success; an example of an antenna with elements
designed in this way can be seen in figure (Figure 3.9(c)) [36]. The Simulated gain of
this antenna remains between 2 and 4.5 dB from 3-12 GHz while the antenna has a

measured -10dB impedance match between 3 and 10.5 GHz.

3.2.2.2 Summary of PCB Dipoles.

UWB dipole antennas show some promise in terms of their UWB performance and
are cheap and easy to manufacture, however there are a number problems associated
Wwith this type of antenna. Firstly there is the fact that these antennas are balanced
While the majority of potential feeds in consumer products are unbalanced (coax or
microstrip). In order to overcome this a balun must be used [1] increasing the antenna

size and complexity. In addition to this dipole antennas must be mounted away from
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any metal object or ground plane which may affect their radiation characteristics.
These problems mean that this type of antenna is difficult to integrate into consumer
devices without making the devices larger and potentially less robust and aesthetically

appealing,

3.2.2.3 Introduction to Planar Monopole Elements

As with volumetric antennas rather than driving two identical planar elements against
each other as in a dipole, one planar element may be driven against a ground plane to
form a monopole antenna. As a result of this the choice of planar monopole elements
is as limitless as it is for dipole elements. UWB monopole antennas for
communications generally take one of two forms; the traditional approach is that of a
metal plate mounted above an orthogonal ground plane and fed from beneath with a
coax SMA. Alternatively'UWB monopoles are manufactured using PCB technology.
The ground plane of antennas constructed in this manner is coplanar with the
monopole element. The side of substrate on which the ground plane is printed

depends on whether the antenna is microstrip or CPW fed [3].

The next two sections present a number of metal plate and then PCB planar
monbpoles. A number of examples of simple element shapes will be given for both
metal plate and PCB antenna types. This will be followed by some antennas in which
the geometry or other aspect of the antenna has been altered in an effort to improve

the antenna performance.

3.2.2.4 Planar Metal Plate Monopoles

Planar metal plate monopoles [37], [10], [38], [39], [40], [41], [42], [43] are a direct
development of earlier 3D UWB antennas and have radiating elements that are similar
to those of PCB planar dipoles. Unlike PCB planar antennas the radiating element is
not mounted on a dielectric substrate and as a result dielectric losses are eliminated

[13]. Reducing the geometry from three dimensions to two significantly decreases the
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manufacturing complexity and size of the antenna compared to their volumetric
counterparts while maintaining similar UWB performance [14]. The 3D nature of the
monopole and ground and coax feed makes this antenna type impractical for use in
mobile applications and integration into PCBs. However for applications where these
factors are non-critical such as in a laptop computer or communication base station

these antennas are ideal.

Circular Disk Monopoles

As mentioned previously planar monopoles have radiating elements that are similar to
those of PCB planar dipoles. One of the simplest examples of this type of antenna is
the metal plate circular disc monopole. This type of antenna was first introduced by
Honda et al [15] in 1992. More recently this antenna has been investigated by Liang et
al [16] for use in UWB communications. Figure 3.10(a) shows the antenna
investigated by Liang; The antenna is mounted on a ground plane where
L=W=100mm, the gap between the bottom of the antenna element and the ground
plane, the feed gap “h” has been set at 0.7mm an optimum value in terms of

impedance matching with the antenna.

0
a) Element b) [—Measured — Simuotod
B —Meagured — Simulated|
%-to L
L / kY #-1%
/ e e TS A # 20
+"_Ground Plane S
S R ;i 3
R=12.5mm ' i oh 2 T aw 12? |4m_m 18 20
L=0.7mm (optunal) Frequency (GHz)

Figure 3.10 (a) the circular plate monopole investigated in [16] and (b) the simulated

and measured return loss for this antenna.
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The return loss of the disc monopole can be seen in Figure 3.10(b), this figure shows
that the antenna has a very large -10dB impedance bandwidth from 2.5 to around
18GHz easily covering the UWB band. The radiation patterns of this antenna remain
omni directional between 2 and 10GHz (variations < 5dB) in the plane of the ground

with a relatively stable monopole shape (Figure 3.11).

150 2.4 GHz 180 10 GHz
(a) (b)

Figure 3.11 Radiation patterns of the disc monopole in [16] at (a) 2.4 and (b) 10 GHz

A number of antenna designs have been proposed based on the above antenna; these
include that of Lee et al. [13], which uses a semicircle element top loaded with a small
disc so as to reduce the geometrical size of the antenna (Figure 3.12(a)). And that of
Ooi et al. [17] which also has a top loading plate but in addition has two crossed
semicircular elements in order to improve the omni-directional nature of the radiation

Patterns at high frequencies (Figure 3.12(b)).

Both antennas manage to be smaller in their maximum dimensions than the equivalent
circular monopole while showing good UWB performance comparable to the disc
monopole. In addition to this the top loaded crossed semicircular antenna shows an
excellent omni-directional pattern showing almost no variation at 3 GHz and varying

by 2dB at 6GHz and transmits UWB pulses with minimal distortion and ringing.
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Figure 3.12 (a) Lee et al.’s top-loaded semicircle element [13] and Qoi ef al.’s top

loaded crossed semicircular antenna [17]

A number other simple shapes have been investigated for use as metal plate elements;
including the monopole equivalent of the bishop hat seen in Figure 3.6 [43] which has
an -10dB impedance bandwidth of 3-20+ GHz while the s;; of two such antennas
transmitting to one another has a magnitude of -20dB at 2.5 GHz which drops to -

40dB at 10GHz while the phase is relatively linear across the same frequency range.
Square and Rectangular Elements

One of the element shapes that have seen most research in this class of antennas is
variations on the square/rectangle. The simple square monopole shows good UWB
Omni-directional radiation characteristics while being one of the simplest shapes to
construct however it’s impedance matching is inadequate for full UWB operation; the

-10dB bandwidth of a simple optimised 30mm square element was found to be 2.5-

SGHz [18], [19].

A number different ways have been proposed to increase the bandwidth of the

Square/rectangular monopole. One such method is simply bevelling the bottom
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surface of the plate [19], [44]. The antenna proposed by Peyrot-Solis et al. [19]
(Figure 3.13) uses this technique to produce an antenna with a -10dB impedance
bandwidth from 2.5GHz to 20+GHz, stable omni-directional radiation patterns that
vary by less than 10 dB from 2.5GHz to 16GHz. Ammann et al. [19] show that the
stability of these patterns may be improved still further by employing two such

elements in a cross arrangement.

48
) o\"‘\\ ;
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AlndPlaue e
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All dimensions in mm

Figure 3.13 A bevelled rectangular plate antenna

Other simple geometric changes have been employed to increase bandwidth include
that used by Saou-Wen Su et al. [18], of removing rectangular notches from either the
bottom two corners of a rectangular plate, this gives an antenna with a 2-13GHz -
10dB impedance bandwidth and a gain that varies from 3dBi at 2GHz to 8dBi at 13
GHz. Removing rectangular notches from and rounding all four corners the plate have
also been suggested [45] both methods producing antennas with good UWB

performance.

Another method that has been suggested and tested by Ammann and Chen [38], [39]

is the use of a shorting pin from one of the corners of a square plate monopole to the
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ground. On its own the short improves matching across the entire frequency range
while reducing the lower-edge frequency. With an addition of a bevel on the opposite
corner (Figure 3.14) the upper-edge frequency is improved dramatically giving an
impedance response that remains below -8dB from 790MHz to 10+GHz [39]. The
radiation patterns of this antenna are omni-directional at 900MHz, however at 2.4GHz

and 5.8GHz there are variations in the pattern greater than 10dB.

Ground plane size = 200 x 200 nun

L

<_.-—-—->..'.4—_-_ S—— SA— »

L=60mm

h=1.2mm
o

a=20

b
kR

Shorting Pin

Figure 3.14 The Square plate antenna with shorting pin and bevel presented by
Amman and Chen [42]

Certain configurations of multiple feed points along the antennas bottom edge have
also been shown to significantly improve this type of antenna’s performance [46],
[47]. One of the most successful of these designs is that of a trident fed monopole [46]

an example of which will be investigated in detail in Section 3.4 of this chapter.
Rolled Antenna Elements

If the size of the square/rectangular monopole antenna is critical then one method of

reducing the dimensions, while maintaining performance is to “roll” or fold the
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antenna to create a tubular structure this can also lead to improved bandwidths [40]-
[42]. An example of this type of antenna has been presented by Chen in [40] (Figure
3.15 (a)). This antenna consists of a rectangular metal plate antenna which has been
divided vertically into three sections the outer two of which have been curved back

around the centre section.
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Figure 3.15 (a) Bi-arm rolled monopole presented in [40] and (b) the measured face to

face s parameters of the monopole

The impedance matching of this element (Figure 3.15(b)) is below -6dB for the entire
UWB bandwidth but there is potential to improve it by optimisation of the radius of
the rolled arms. The S,; of transmission using two identical elements shows good
UWB performance remaining relatively flat from 4-10 GHz when the elements are
face to face (Figure 3.15(b)) and showing similar performance when side to side and
face to side. This is borne out in the low level of distortion seen in transmitted test

pulses [40].

Another interesting example of a folded antenna element can be seen in Figure 3.16
[42]. This antenna consists of a rectangular monopole with a bevelled lower edge
Mounted above a co-planar counterpoise. The antenna element and counterpoise have
been folded such that it could potentially conform to a device the size of a USB

memory stick. The impedance matching of this antenna provides a measured VSWR
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of below 1:2 from 3 GHz to 11GHz however the radiation patterns lose their omni-
directional nature between 6.86 GHz and 10.6 GHz with variations in the pattern of

20 dB at 10.6 GHz.

Figure 3.16 The memory size broadband monopole antenna [42]

3.2.2.5 PCB Planar Monopoles

For any monopole the orthogonal ground plane may be may be replaced with a co-
planar counterpoise and fed with either a co-planar waveguide or microstrip [2]. If the
counterpoise is printed on the opposite side of the substrate to the antenna element
then a microstrip feed is convenient (Figure 3.17(a)). If the counterpoise is on the
same side as the element a coplanar feed is used [48] (Figure 3.17(b)). This type of

wave-guide is often preferred as it is less dispersive than microstrip line.

This type of antenna lends itself to use in mobile handheld devices. The unbalanced
feed means that no balun is required, their compact nature and omni-directional UWB

characteristics are ideal for the application while their PCB construction means that
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they can easily be manufactured in large quantities. The only caveat with PCB planar
monopoles is that the antenna element must extend some way beyond the ground

plane on which they are mounted [3].

2his b) [
» Ly

microutri fesd line groundplane 500 coplanar
e

on the back waveguide -
ey \

ground plane

Figure 3.17 A PCB ring monopole element fed by (a) a microstrip and (b) a co-planar
waveguide [49] (R = 12.5mm and r = Smm).

Taeyoung Yang and William Davis introduced an example of a PCB monopole with a
Semicircular element in 2004 [48] and since then this type of antenna has attracted a
lot of interest. The ring monopole antenna in Figure 3.17 is a variation on the standard
disc monopole, possible because at these frequencies the currents tend to concentrate
themselves at the edges of the element. The impedance characteristics of this antenna
and an equivalent disc monopole can be seen in figure Figure 3.18. The impedance
bandwidth of both these antennas extends from 3 to above 12 GHz the ring showing

slightly better matching in the UWB band.

The radiation characteristics of the PCB ring monopole also show reasonable UWB
performance. The radiation pattern is omni-directional at low frequencies but
degrades at higher frequencies; a variation in the pattern of approximately 11 dB at 9

GHz. Transmission of a first order Rayleigh pulse with two antennas face to face and
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side by side produced a waveform similar to higher order differentiated Rayleigh

pulses but in both cases there were some distortions and ringing effects.
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Figure 3.18 The return loss for the CPW fed ring monopole and equivalent disc

monopole in [49]

Other element shapes suggested in the literature include elliptical elements [50], [S1],
those based on rectangular elemehts with similar alterations as seen in the metal plate
Mmonopoles [52], [53], [54] and the PICA [14]. There have also been some elements
Presented that are based upon a triangular geometry [55], [56]. All these antenna show
Promising UWB characteristics but all suffer, to one degree or another, with non-

omni-directional performance, at higher frequencies.

Frequency notching has also been investigated with this type of antenna. This
involves altering the structure of the element resulting in poor matching across a band
of frequencies. This can be used to reduce interference with existing systems, such as
Wireless local area networks (WLAN) [54], [55], [57]. The frequency notching effect
is usually achieved by cutting an appropriately shaped slot(s) into the monopole

element,
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3.2.2.6 Summary of Monopole Antenna

Planar monopole antenna show considerable promise for use in UWB communication
Systems. This type of antenna can have a very wide impedance bandwidth and exhibit
frequency independent omni-directional radiation patterns and stable gain
characteristics across the UWB frequency range. The imbalanced nature of this type
of antenna makes it easy to feed with either a coaxial cable, in the case of metal platé
elements or by means of a Co-planar or microstrip feed in the case of PCB planar
clements, making them easy to integrate into devices. This combined with the low
cost and ease of manufacture makes these antenna good candidates for consumer
products. This is especially true in the case of PCB monopoles whose planar nature
and small geometrical size make them ideal for use handheld mobile devices.
However these antennas have problems with the stability of their radiation patterns at
high frequency. In addition to this the antenna element must extend beyond any
ground plane into free space causing similar problems to dipole antennas though to

less of an extent,

3.3 Small-Element Magnetic Antennas

Small-element magnetic antennas are physical realisations of the ideal Hertzian
Magnetic dipole. They are made up of structures that cause the formation of one of
Mmore current loops. This type of antenna may be thought of as current driven and
having a mainly magnetic near field. This can prove to be an advantage in some
Situations where the antenna is to be embedded, as magnetic fields couple less readily
into nearby objects than electrical fields [3]. Wideband antenna types included in this
family are Large Current Radiators (LCRs), loops and slot antennas. In terms of UWB
Communications by far the most significant group of antennas in this family is that of

UWB wide-slot antennas.
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3.3.1 LCRs

LCRs are formed from a curved metallic conductor that carries a “sheet” of current
along its surface and whose return currents are isolated by a ground plane. LCRs are,
by their nature, lossy as any energy radiated by the sheet in the direction of the ground
plane is trapped. In terms of loop antennas Shantz has proposed a monoloop [58] for
use as a UWB antenna but little performance data has been presented. Possibly the

most promising loop antenna is the “clover leaf” antenna which shows non dispersive,

broadband characteristics from 3-6 GHz [3].

3.3.2 Wide Slot Antennas
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Figure 3.19 An elliptical slot-fed with (a) microstrip and (b) coplanar wave guide [59]

Wide Slot UWB antennas consist of an aperture, whose width and height are of
similar size, cut into a ground plane. This type of antenna is constructed using PCB
technology, consequently they are usually fed by either a microstrip [60], [61] (Figure
3.19 (a)) or coplanar wave guide (CPW) [62], [63] (Figure 3.19(b)). Although

Marchais et al. [64] has also presented an antenna that is fed by a stripline that couples
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into wide rectangular slots above and below the stripline. Generally, the preferred

choice of feed-line is CPW because of its superior dispersion performance[63].

A number of slot shapes have been proposed for use in such antennas. The most
common are elliptical/circular [63], [59], [65], [66] (Figure 3.19 and Figure 3.20(a))
and rectangular/square slot antennas [63], [67], [68], [69] (see the antenna presented
in Section 4). Other shapes include a “volcano smoke” shaped slot proposed by Yeo
et al [70] and a “tapered-slot-fed annular slot antenna” proposed by Tzyh-Ghuang Ma
et al. [71]. An example of a coplanar-fed round slot antenna can be seen in Figure
3.20 (a). The impedance response of this antenna can be seen in Figure 3.20(b) the

measured -10dB bandwidth covering from 3-11GHz.

a) ; b)

Qound plene 0

- Measurement
== Simulation B |

1S, ! [dB]

L i i 6 8
E 1% (a) - Frequency [GHz)
R=32.6mm t

Figure 3.20 (a) a circular CPW fed wide-slot antenna and (b) the simulated and

measured s; of the antenna [62].

In the E-plane the radiation patterns of this antenna are bi-directional and symmetrical
at low frequencies (Figure 3.21(a)) although this symmetry is lost at higher
frequencies (Figure 3.21(b)). In the H-plane the pattern is omni-directional at low
frequencies (Figure 3.21(c)) but becomes less so at high frequencies; the pattern

varying by 15dB (Figure 3.21(d)). The transmitting transfer function of this antenna at
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bore sight is relatively stable, varying by around 10dB in the frequency range 3-11
GHz. The bore sight phase response is linear across the same frequency band,

however the position of maximum gain of the antenna is not frequency stable.

300,

6 [deg]
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300, A \ 300

6 [deg]
6 [deg]

270/ ¢ 270

240 240

180 (c)
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Figure 3.21 The measured and simulated far field radiation patterns of the circular
CPW fed wide-slot antenna in [62] with the E-plane pattern at (a) 4GHz and (b) 9GHz
and the H-plane at (¢) 4GHz and (d) 9GHz.

One of the most critical aspects of feeding a slot antenna is the tuning stub at the end
of the CPW or microstrip that allows the wave guide to effectively couple into the slot
by giving the correct impedance match. The tuning stubs tend to either mirror the
shape of the slot [65], [66] or are forked shaped as in Figure 3.19(a) [63], [64], [59].

As with small electrical antenna attempts have been made to add a frequency notch
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feature in an attempt to avoid interference from existing WLAN communication
systems at around SGHz [66]. In wide slot antennas this has been done by using either
a fractal tuning stub [60] or by cutting a resonant slot into a circular tuning stub [66],

both methods achieving the desired results.

333 Summary of Small Magnetic Antennas

Small UWB magnetic antennas include LCRs, loops, and wide slot antennas and
while loops such as the centrally fed monoloop and cloverleaf antenna show some
promise it is wide slot antennas that demonstrate the greatest potential for use in
UWB communication systems. These antennas could potentially be located in the
ground plane of a hand held device and have the advantage that as they have a low
wave impedance in their near field they will couple into nearby objects to a lesser
extent than electrical antennas. The principle problem with this antenna type is that it
is a challenge to produce an antenna that has frequency stable, non-dispersive, omni-

directional radiation performance.

3.4 Horn Antennas

Horn antennas were first introduced by Bose in the 1890’s and are “flared or tapered
transmission lines designed to transmit or receive electromagnetic radiation in one or
more directions. Horn antenna are generally too large, corhplicated and therefore
Cxpensive to be used in consumer products. However just as a three dimensional
Volumetric antenna may be simplified by using a planar equivalent the same principle
maybe applied to horn antennas to produce a planar horn, more commonly referred

100 as a “Vivaldi” antenna [3].

3.4.1 Vivaldi Antennas

A Vivaldi antenna is made up of a gradually tapered slotline flaring out in a linear or

Cxponential form and was first proposed by Gibson in 1979 [72] and is in a class of
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slow leaky, end-fire travelling wave antennas. An example of this type of antenna was

investigated by Sorgel et al. [73] can be seen in Figure 3.22.

At different frequencies different parts of the antenna radiate while the size of the
radiating part is constant with respect to wavelength. As such the Vivaldi antenna has
a theoretically unlimited bandwidth with constant beam width. In practice the
radiation pattern of this antenna is dictated by the geometry of the slot which must be
carefully designed in order to achieve the desired performance characteristics. If
excited conventionally (with a microstrip as in Figure 3.22), the impedance bandwidth
of such antennas antenna is dictated by the geometry of the feed region (although
more recently (2007) Cerny et al [74] have presented a slot Vivaldi antenna for UWB

communications with much more promising impedance characteristics).

Metalisation—— |

Slot

i BNl food:

Figure 3.22 An example of a Vivaldi antenna [73]

In an attempt to improve impedance performance over the standard orthogonally
microstrip fed antenna the antipodal Vivaldi antenna was introduced by Gazit in 1988
[75]. The antipodal Vivaldi, as seen in Figure 3.23, is made up of two symmetric

CXponentially tapered patches printed on opposite sides of a dielectric substrate. The

<67 =



Chapter 3 UWB Antennas for Communications

patches are fed, from behind the slot by a micro-stripline in which the ground tapers

inwards to form a symmetric twin line, each line feeding one of the patches [75], [76].

In this configuration the antenna has an impedance bandwidth that covers the entire
UWB bandwidth [76], the response can be further improved by rounding the ends of
the patches which reduces reflections and lowers the lower edge frequency [5], [77].
The Vivaldi antenna is one of the few UWB antennas that maintain a stable
directional radiation pattern with frequency, the maximum gain directed along the
direction of the slot and typically having a value of 2 dBi at around 3 GHz and rising
to and staying at around 8 dBi from 6-10.6 GHz [3], [77], [78].

o : e
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Figure 3.23 An example of an antipodal Vivaldi antenna [76]

The antipodal Vivaldi antenna has been proposed for use in modern UWB
applications [78], however it has been noted that as the patches are separated in the y
direction as well as well as the x direction the electric field between the two patches is
slanted (Figure 3.24) which leads to the antenna having unacceptably high levels of
Cross polarisation, especially at high frequencies [76]. A solution to this problem is
the balanced antipodal Vivaldi antenna or BAVA. This antenna is made up of three

Patches; two identical exponentially tapering patches sandwiching a symmetrical
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counterpoise. The Two outer patches taper into a ground either side of the middle
patch which tapers into a stripline. This arrangement means that the two components
in the y direction cancel (Figure 3.24) leaving the resulting E-field vector purely in the

Y direction, significantly reducing the cross polar levels.

Antipodal Vivaldi B-Field
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Figure 3.24 The E-field for an antipodal Vivaldi antenna and balanced Vivaldi

antenna.
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Figure 3.25 An example of a BAVA antenna [76].
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The BAVA antenna in Figure 3.25 has an impedance bandwidth in excess of 40:1
with a lower bound of 3GHz. The radivation patterns of this antenna are relatively
stable with frequency with the maximum gain in the direction of the slot with a null-
beam width of between 40° and 60°. The maximum gain of this antenna reflects this

pattern performance varying between 8 and 12 dB from 1-18GHz.

3.4.2 Applications of Vivaldi Antennas

As Vivaldi antennas use PCB technology in their manufacture they are ideally suited
for use in consumer products, however the directional nature and relatively large size
compared to other UWB antennas, makes them unsuitable for use in handheld
devices. By the same token their directionally and good UWB performance makes
them ideal candidates for point to point communications and base stations with fixed

coverage [3], [5].

3.5 Analysis of a Trident-Fed Square Metal-Plate Monopole

Antenna

This section presents the results of an investigation of a square plate monopole (based
on that first presented by Kin-Lu et al. [46]) that has been optimised for use in the
UWB 3.1-10.6GHz band. In Section 2.1.2.4 it was shown that while a conventionally-
fed square plate monopole is very simple to manufacture and shows stable omni-
directional radiation patterns, its impedance bandwidth is too small for the antenna to
be useful for UWB applications. A number of different techniques have been used to
improve the impedance of square/rectangular monopoles. One of the most promising

methods is using multiple feeds along the bottom edge of the antenna element.

The current distribution across a square monopole antenna fed simply from below, at
One central point, has components both in the lateral and vertical directions. The
lateral components not only produce a high level of cross polarization in radiated

fields but also degrade the impedance bandwidth of the antenna. By using multiple
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feeds a more intense and uniform vertical current distribution can be achieved,
reducing the horizontal current components and so improving the UWB performance
of the antenna. The number of feeds affects the uniformity of the current distribution
and it has been shown that a trident feed will force a more uniform current distribution

when compared with single or dual fed designs [46], [47].

ML—-....___’{
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square planar monopole

zZ e

dpl 2
trident-shaped feeding strip ground plane (150 X 150 mm*)

(all widths =2 mm) o feeding points: A, B, and C

Figure 3.26 The trident fed monopole presented in [46] (L = 40mm).

The approach taken in [78] to implement a three feed point design is a trident shaped
feed arrangement that is in the same plane as the antenna element. The element is
Mounted over an orthogonal ground plane and is fed from beneath using a 50Q SMA
jack. A schematic of this antenna can be seen in Figure 3.26. The trident shaped feed
Strip simplifies the construction of antenna and makes it more compact compared to
brevious multiple feed point designs; the design presented in [47] uses two separate

feeding strips and a feed network to drive the antenna.

The size of the square element in [2] is 40 mm by 40mm. This original design did not
target operation across the specified (3-10GHz) UWB band; the -10dB impedance of
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this antenna being 1.4-11.4GHz. As the lower frequency limit of this type of
antenna’s impedance bandwidth is dictated by the geometrical size of the antenna

element there is scope to make the element smaller while achieving satisfactory UWB

performance.

This section presents a more compact version of the trident-fed design with an
clement size of L = 30mm that performs well across the 3.1-10.6GHz band.
Measurement and simulation arrangements will be presented followed by the
impedance response of the antenna. The radiation characteristics will then be

discussed including how they are influenced by the current distribution across the face

of the antenna.

3.5.1 The FDTD Model
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Figure 3.27 The FDTD model used to simulate the trident fed monopole
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To investigate the radiation properties and examine the current distribution across the
surface of the square monopole it was simulated using the in-house FDTD software
developed at the University of Bristol (for a detailed explanation of the theory behind
FDTD see Chapter 5). A diagram showing a 3D graphical representation of the FDTD
model can be seen in Figure 3.27. The model consists of a metal block which acts as a
ground plane. The antenna element (Figure 3.28) is mounted perpendicular to the
ground plane and is fed by a 50mm length of 50 Q coaxial transmission line that
passes through the metal block ground. The transmission line excitation is made up of
four elements in a cross formation, each extending from the interior conductor of the
coaxial line to the outer. The transmission line is terminated at an absorbing boundary
condition at the work space boundary. The feed arrangement is illustrated in Figure
3.28.

L
Element = : :
Identifier Dimension (nm)
Yy L = 30.0
n = 7.50
1 t = 1.00
55 I = 3.50
d = 1.00
" R] = 1 . 26
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Central 50 Ohm z
Conductor Coax Feed ’ Element
X
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Foed line Conductor: Dielectric
—Probe
Feed Pomt

View From Above Coax Feed
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Figure 3.28 The feed arrangement and the dimensions of the antenna element
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In order to measure the impedance response of the antenna a field probe was placed in
the coaxial transmission line (Figure 3.28). Far field probes were also placed in an arc
in the H planes, only a quarter-circle was needed due to the symmetry of the antenna.
In addition, a number of “frequency snapshots” were taken of the fields one cell from
the surface of the element. With a degree of processing these allow the current
distribution current across the face of the antenna to be examined (see Section

3.5.4.2).

3.5.2 Measurement Arrangement

Figure 3.29 The antenna used in both radiation pattern and impedance response

measurements set above a small ground plane used to mount the antenna.

To find the measured input response and radiation patterns the antenna element was
constructed (Figure 3.29). The element itself was made from 0.25mm thick copper
sheet, mounted above a 90mm diameter copper ground plane and fed from beneath by

a 50Q SMA coaxial jack.
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Figure 3.30 The anechoic chamber used to measure antenna radiation patterns
Wherein; (a) is the antenna under test, (b) is a 0.5m circular ground plane, (c) is the
theta plane motor, (d) is the phi plane motor and (e) is a Flann Microwave DP240

dual polarized reference horn antenna.

The input response of the antenna was measured using an Anritsu 37397¢ Vector
Network Analyser (VNA) while mounted on the 90mm ground. The radiation patterns
of the antenna were measured in the University of Bristol’s anechoic chamber using
the same VNA. In the chamber the antenna was mounted on a 0.5m circular ground
plane attached to a computer controlled measurement rig with two degrees of freedom
allowing three dimensional radiation patterns to be recorded. The reference antenna
used for these measurements was a Flann Microwave DP240 dual polarized horn

antenna. A schematic of this measurement setup can be seen in Figure 3.30.
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3.5.3 Input Response

The measured and simulated input response for the square monopole element under
test can be seen in Figure 3.31. This figure shows that there is a high level of
agreement between the simulated and measured results. Both sets of results indicate
that the antenna has a 6:1 -10dB bandwidth from 1.8GHz -11GHz and has two major
resonances at around 2.5 and 8 GHz. Agreement is also good in terms of the
magnitude of the reflection at these resonances and indeed across the whole of the
frequency range. The impedance bandwidth of this antenna makes it a suitable
candidate for use in UWB applications so long as the radiation bandwidth is large
enough. In addition such good agreement between the measured and simulated results
goes a considerable way to verifying the accuracy of the FDTD computer model,

validating other results obtained via simulation.

S11 (mag dB)

Frequency (GHz)

— - simulation —— Measurement |

Figure 3.31 The measured and simulated Sy, for the square plate monopole antenna

-76 =



Chapter 3 UWB Antennas for Communications

3.5.4 Radiation Properties

The two dimensional radiation patterns for the square monopole at various
frequencies can be seen in Figure 3.32. These patterns have been normalised such that
their maximum values have been set to zero in each case. These patterns ‘show that
across the frequency range the antenna has an omni-directional radiation pattern in the
H-plane that varies by less that 10 dB at all angles. Figure 3.32 shows that there are
low levels of cross polarisation in this plane at all three frequencies; the maximum

cross polar levels are least 15 dB below the maximum co-polar levels in each case.

The E-plane patterns which can also be seen in Figure 3.32show that at all frequencies
the antenna produces a radiation pattern typical of a monopole antenna similar to

those produced by the other metal plate antennas discussed in Section 3.2.2.4..

The cross-polarisation is low at all angles when compared to co-polar levels, the
difference between maximum co and cross polar patterns being 30dB at 3 and 6 GHz
and 25 dB at 9GHz. The exception to this is at the null of the co-polar patterns where

the levels between the two polarisations are comparable.

The 2p radiation patterns provide useful information about the radiation
characteristics of the antenna in the planes examined e.g. cross-polar levels but do not
giye the whole picture and in some cases can be misleading. By examining the 3D
radiation patterns in conjunction with the 2D patterns, a better understanding of the
antennas performance can be established. The 3D co and cross-polar radiation
Patterns for the square monopole can be seen in Figure 3.33. These show that as for
the 2D patterns the monopole type shape is present at each frequency however away
from the E and H planes examined in the 2D patterns the cross polar levels for 6 and 9
GHz are in fact a lot higher. At 3GHz the cross polar-level is 25 dB below the co-
Polar maximum, the exception is a thin lobe at the y-dirécted null that has a maximum
15dB Below that of the co-polar maximum. At 6 GHz the maximum cross polar level

rises to 14 dB while at 9 GHz this rises to only 3 dB.
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Figure 3.32 Two dimensional, normalised, co-polar and cross-polar radiation patterns
for the E and H — planes at 3, 6 and 9 GHz. The radial scale in each case is in decibels

(co-polar — cross-polar —).
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3 GHz Co-polar

6 GHz Co-polar

9 GHz Co-polar 9 GHz Cross-polar

Figure 3.33 The 3D co-polar and cross polar radiation patterns for the square

monopole antenna at 3, 6 and 9 GHz
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Figure 3.34 Correlation of co and cross polar 3D patterns across the UWB bandwidth

using the pattern at 2GHz as the comparison.

An alternative method of examining the radiation patterns is to measure the
Mmathematical correlation between the patterns using a desirable low frequency pattern
as a reference. In this case the co and cross polar radiation patterns at 2 GHz were
chosen as a reference. The result of this analysis can be seen in Figure 3.34. This
shows that the co-polar pattern is stable across the UWB never deviating more than
8% from the original at 2 GHz. The cross polar results show that as expected the level
of correlation decreases with frequency falling to just above 60% at the top end of the

frequency band.

3.5.4.1 Simulated Far-Field

While the radiation patterns examined in the last section give an impression of what is
happening to the radiation patterns across the frequency range the FDTD simulation
offers an opportunity to examine what is happening in a certain plane in much more
detail. By recording the y-directed E-field (the co-polar field) using a horizontal ring
of field probes placed in the antenna far-field and then performing a Fourier transform
on the time domain data obtained by these probes the H-plane field can be found.

Only one quartile of data was required to find the behaviour of the antenna over the
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full 360° because of the two planes of symmetry present in the geometry of the square

monopole in the x-z plane. Accordingly the fields were recorded using 10 probes,

covering a 90° arc, 80mm from the antenna (Figure 3.27).
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Figure 3.35 The y-component of the E-field theta angles 0° to 360° (H-plane) for the
frequency range 0-12 GHz (the set between levels = 6dB).

The results from the far field probes can be seen in Figure 3.35. This figure shows that
the antenna produces an omni-directional radiation pattern (that doesn’t vary by more
than 10dB) up to around 8 GHz. The exception to this is a null at bore-sight that is
present from 4-5 GHz, which corresponds to an area of relatively large reflection in
the input response. Examining the data from Figure 3.36 at 3 and 6GHz in the form of
polar plots it can be seen that the antenna has an almost completely omni-directional
Pattern at 3GHz. At 6 GHz the antenna is radiating more effectively at bore-sight,
Which is in agreement with the measured H-plane pattern, however the pattern doesn’t
have the same multi-lobed shape. This difference maybe present because the plane

used for the measurements may be slightly different to that used in the FDTD
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simulation. In addition to this the ground plane in the FDTD simulation was infinite

whereas the one used for measurement was not.

[lin30 20 L0

180 180f 0 deg.

270 270

3GHz 6GHz

Figure 3.36 The simulated H-plane Ey far-field pattern at 3 and 6 GHz

Beyond 8GHz the simulated results show that the omni-directional nature of the
radiation pattern degrades and a multi-lobed pattern starts to form. This occurs at the
same frequency as a null in the input response (Figure 3.31). The same behaviour is

not present in the measured patterns which remain omni-directional in the H-plane.

3.5.4.2 Current Distributions

Using experimental techniques it is extremely difficult to examine the current
distribution across the face of the antenna. The FDTD simulation of the antenna
allows these to be examined in detail (Figure 3.37). The current density is derived
from the magnetic field tangential to the antenna and hence includes a contribution
from the displacement current in the locations where there is no metal. The good
agreement already seen between measured and simulated results suggests that these

distributions will have a good degree of accuracy. First it should be noted that, as has
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been previously found in planar elements [25], [26], [79], the current is concentrated
around the edges of the element and at the feed point while the centre of the antenna is
relatively “cold”. As was ‘intended, the trident feed arrangement used preferentially
excites current in the vertical y-direction while suppressing current ﬂowing in the
horizontal x-direction. The y-directed current dominance decreases with frequency
explaining the increase in the relative size of the cross-polar radiation pattern. The
higher order mode seen in the 9MHz distribution explains the slight difference in
shape seen in the corresponding radiation pattern (Figure 3.35). The lobed, omni-
directional pattern produced is the same as that seen in the radiation pattern of a
monopéle antenna when it resonates at frequencies that produce higher order modes
(>1/42) [6)].

3.5.5 Summary of Results for the Square Monopole

The inipedance and radiation performance of a trident-fed, square, metal-plate
monopole has been investigated by means of measurement and FDTD simulation and
the results presented. The -10dB impedance bandwidth of the antenna in both the
simulated and measured results was found to be 6:1 from 1.8-11. Measured radiation
Patterns show that the antenna has a typical monopole type pattern which is
Maintained across the operating frequency with rising levels of cross-polarisation.
Simulated far-field measurements showed reasonable agreement with the measured
results until 8 GHz where after the omni-directional nature of the pattern broke down ,
which is in contrast to the omni-directional patterned measured. The current
distributions found using an FDTD simulation highlight the prevalence of the y-
directed current that is excited by the trident feed. The increase in the comparative
magnitude of the x-directed current with increased frequency explains the
corresponding increase in the cross polar radiation pattern. In conclusion the radiation
and impedance characteristics of this antenna make it a promising candidate for UWB

Communication applications.
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Figure 3.37 Y and X components of the current distribution across the surface of the
antenna at a) 2.2GHz, b) 6GHz and ¢) 9GHz
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3.6 Summary of Antennas for Communications

In this chapter a literature review of antennas intended for use in UWB
communication applications has been presented and a trident-fed square metal plate
monopole antenna has been investigated in detaii. The literature review presented
three major groups of antennas; small electrical antennas, small magnetic antennas

and horn antennas.

Of these groups the largest was small electrical antennas which included volumetric
antennas, and planar dipoles and monopoles. In this group the most promising
antennas for mobile consumer UWB products proved to be planar rnonopoles; their
Compact size, cheap construction, UWB impedance and radiation bandwidths and
ability to be integrated into PCB devices makes them good candidates. However these
antennas do still have to protrude from any device and in the case of PCB monopoles

the radiation characteristics of the antenna do degrade at high frequencies.

Of the small magnetic antennas investigated wide slot antennas proved the most
Promising, the low wave impedance of their near field means they will couple into
hearby objects less than an electrical antenna making them ideal for embedded
applications. The problem with this type of antenna is producing a design that
Maintains frequency stable, non-dispersive, omni-directional radiation performance

across the entire UWB band.

Vivaldi planar horns were also presented; their compact planar nature and cheap
Construction costs compared to other much more bulky horn designs makes them a
candidate for consumer products. Vivaldi horn antennas are one of the few UWB
antennas that offer the potential of frequency independent directional radiation

Patterns and so could be used in fixed point to point applications.

In the final section of this chapter a trident fed square monopole that had been

optimised for use in the UWB band was presented and its impedance and radiation

-85.



Chapter 3 UWB Antennas for Communications

performance was examined using FDTD computer simulation and measurements.
These showed that the antenna had sufficient impedance band-width and frequency
stable radiation patterns making it a promising candidate for UWB communication

applications.
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4.1 Introduction

Breast Cancer is the most prevalent form of cancer in women (excluding skin cancers)
[1], [2] however with early detection there is a high chance of successful treatment
and long-term survival. The most common method in use for the detection of breast
cancer is X-ray mammography and, while it has been an effective tool for detecting
breast cancér it is recognised that the technique has a number of limitations including

Producing a significant number of false-negative and false-positive results [3], [4].

Microwave imaging has gained interest recently due to advances in both hardware and
imaging software. The method is a potential alternative imaging technique that would
be inexpensive, would provide more sensitive 3D imaging data, avoids using non-
ionising radiation and would yield a system that is both quick and comfortable for the
batient [5]. Microwave imaging technology relies on there being a detectable
difference in the diclectric properties of a tumour and the surrounding breast tissue at
microwave frequencies; such that when the breast is illuminated with microwave
radiation there is a significant reflection from the tumour. Early work in this area was
based on the premise that the breast structure is relatively electrically homogeneous
and a contrast of approximately 5:1 exists between malignant and normal tissue [6],
[7]. More recent studies (8] have shown that, while the contrast between malignant
and normal adipose-dominated tissue could be as large as 1:10, the contrast in denser
glandular tissue is much less at around 10%. This presents a significantly more
Challeriging problem than was initially thought and serves to underline the need for an
antenna design with the best possible performance in terms of bandwidth, size and

Pattern characteristics.

There are a number of techniques under investigation utilising microwave signals as a
means of detection. One approach considers it as an inverse scattering problem
(microwave tomography [9]), in which the breast is illuminated with microwave

radiation and the scattered energy is received at a number of remote locations (Figure
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4.1 (a)). From this information the permittivity distribution inside the breast may be
estimated. However the data processing required when implementing this method is
complex and it is not easy to see how information from many different frequencies

may be included [10].

a) o x b)

ANTENNA

\

® IREFLECTED RAY
INCIDENT RAY

o @ =z

MATCHING MEDIUM

INCIDENT RAYS

CROSS-SECTION THROUGH BODY

/
T ANTRNA

Figure 4.1 UWB Microwave detection of breast cancer using (a) tomography (b) radar

An alternative approach is to tackle the problem using a similar architecture to that of
Ground Penetrating Radar (GPR) in an approach first introduced independently by
Hagness et al. [11] and Benjamin [12], [13]. The detection of breast cancer using
Ultra-Wideband (UWB) radar is a technique that is currently being developed by a
number of research teams [11], [14], [15]. In these systems a short pulse, or a
Synthesised pulse constructed from a frequency sweep, is directed into the breast and
the reflected signals are then detected by one or more receive antennas (see Figure
4.1(b)). The resulting set of received signals is then time or phase - shifted and added
in order to enhance returns from high contrast objects and to reduce clutter. The
Wwideband nature of the UWB signals means that such radar-based systems are capable
of producing high resolution images, without the need for complicated reconstruction
algorithms. With this approach there is a trade-off between simplicity of analysis and

information, since material properties are not directly recovered [15].
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4.1.1 Monostatic and Multi-Static Antenna Arrays

UWB
Transceiver

UWB Source

Figure 4.2 the general configuration of a Monostatic Radar system

The configuration and number of antennas in a UWB radar system can vary
depending on how measurements are taken. A monostatic system is one that consists
of a single antenna that both transmits and receives the microwave pulses (see Figure
4.2), effectively operating as reflectometer. Using this type of system either the target
is scanned and the antenna is kept stationary or visa versa and an image is built up by

repeated measurement.

(H g
UWB ‘zé)
Transceiver ||~

UWB Source %

TA = Transmitting Antenna : m)
RA = Receiving Antenna

Figure 4.3 The general configuration of a Multistatic UWB Radar system

An alternative configuration is the bistatic radar system. This consists of two
antennas; one transmitting and one receiving. The bistatic arrangement is a special
Case of the more general multistatic antenna configuration (see Figure 4.3). In a
Multistatic array there are multiple antennas in fixed positions. One antenna fires off a
Pulse and the reflections are picked up by the other antennas in the array. A

Mmultistatic system can be set up so that there are specialised antennas that solely
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transmit or receive. Alternatively the antennas can do both, each antenna being fired

off in turn.

One of the major problems that are encountered when trying to implement such an
imaging system is how to radiate the UWB signals efficiently into the breast tissue
Wwithout excessive reflection from the air/skin interface. One way that this problem has
been solved is to immerse the antenna(s) in a matching medium that has similar
dielectric properties to that of the tissue [16], [17]. An alternative method of
Preventing the returning signals being swamped by the skin response is to make use of
the fact that signals reflected from a flat surface, like the skin, are co-polar whereas
those reflecting from irregular objects such as tumours have a large cross-polar
Component [18], [19]. These cross-polar signals can be {solated using a

transmit/receive combination of ortho gonally polarised antenna.

A critical part of any UWB radar detection scheme is the antenna design. To obtain
high resolution, accurate images the antennas must be able to radiate high fidelity
signals into a high permittivity dielectric medium, over a wide band of frequencies
and a large angular range [16]. If the antenna is to be used in a fully populated array
aperture (as at Bristol) then there is an additional, quite critical, geometrical size
Constraint placed on the antenna; the antenna’s geometrical dimensions must be as
Small as possible in order that the maximum number of antennas may be
dccommodated in the array. This will allow as much information to be gathered as is

Possible which, in turn, will reduce clutter in the results.

This chapter introduces a novel UWB wide-slot antenna intended for use in the next
generation of the University of Bristol’s UWB radar, breast cancer detection system.
This chapter begins with a literature review of existing antenna designs, intended for
Use in UWB breast imaging systems. Next is a discussion on the process of
developing the Wide-Slot antenna from an existing antenna design and the
development of a compact cavity and feed for the antenna is considered. Finally a
detajled study of the optimised antenna will be made, using measurement and

Simulation to characterise the antenna’s performance. During this study the wide-slot
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antenna will be compared to an existing stacked-patch design used in the previous

generation of the University of Bristol’s imaging system.

4.2 Wide Bandwidth Antennas for Microwave In-Body Imaging

This section presents a literature review of wide-band antenna designs that have been
proposed for use in medical microwave imaging applications. Antennas intended for
use in tomographic and UWB systems have been considered. While this review is not
exhaustive it does cover the antennas developed by the major research groups in this

area.

4.2.1 Monopoles and Dipoles

Monopoles and dipoles are commonly used in microwave detection systems. Their
compact, simple linear or planar geometry makes them ideal candidates for use in
arrays. Their simplicity also means that they can be easily modelled [15] making them
especially attractive for tomographic imaging, as it reduces the complexity of solving
the inverse scattering problem. These factors often outweigh the improved

performance of other antenna designs e.g. the directive nature of horn antennas.

Figure 4.4 The Wu-King monopole investigated in [21]
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One method that is commonly used to improve the wideband performance of such
antenna is that of resistive loading. The University of Calgary have investigated both
dipole [12] and monopole [20] antennas based on the Wu-King loading distribution
[21] in a UWB radar imaging system. This type of antenna has reasonable UWB
behaviour and is able to transmit pulses with a good level of fidelity, however the
resistive loading results in low efficiency [15]. The monopole developed at Calgary
can be seen in Figure 4.4. It is intended to operate in a medium with a dielectric
constant of 3. To recreate the Wu-King loading distribution, the antenna is made from

resistors placed end to end.

At the University of Dartmouth coaxial monopoles have been used in a tomographic
System operating in the frequency band 300-1000 MHz [9]. Tﬁese antennas are
Constructed by removing a length of the outer conductor from one end of a length of a
solid coaxial cable. The antennas are immersed in a lossy medium which loads the
antennas improving their radiation and S;; bandwidth and wide-band behaviour

Compared to the free-space case [22].

0T b) substrate flange
outer flange
_| [eavity
E |nited E
w| | With L
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Figure 4.5 (a) a computer model of the cross bowtie antenna showing the antenna

elements. (b) the cavity and feeding arrangement of the cross bowtie antenna

Bowtie antennas have also been investigated at the University of Calgary. An
arrangement of two orthogonally polarized bowtie-type antennas has been
investigated by Xing et al. [23] (Figure 4.5). The bowtie elements are arranged in a

Cross formation, mounted on a substrate (&, = 3.05) and are backed by an epoxy filled
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cavity, to reduce back scatter. The system in which it is used exploits the fact that the
cross-polarised reflections from axially asymmetric tumours can be distinguished

from the co-polarised backscatter from skin and the chest wall.

The antenna uses the lower end of the UWB spectrum and has a -10dB impedance
bandwidth of 2-4GHz. Simulated results have shown that it is feasible for the system
to detect a 4 mm tumour at a distance of 70mm from the antennas while measured

results in a phantom (&, = 9.24 o= 0.21) indicated that a 15mm tumour phantom (&, =

52.5 o= 7) maybe detected at a distance of 10mm from the antenna.

IR I G 0.6mm .
g —
i ; Wi 30 mm
L2 '
! A 14 mm
! G : ) o | L 26 mm
L 10.7 mm
Lz
L 14.7 mm
4
- - Ly 1.7 mm
Wl

Figure 4.6 The geometry of the CPW fed planar monopole [17]

A CPW fed planar monopole antenna has been investigated for use in a UWB radar
based detection system by Jafari et al [17] (Figure 4.6). The antenna consists of a
rectangular radiating element, tapered along its lower surface allowing the antenna to
resonate across a wide range of frequencies. It is proposed that this antenna sit with
the face seen in Figure 4.6 facing the body, with the whole antenna immersed in an
imaging medium that has a dielectric constant similar to that of the tissues enclosed
by the skin. As discussed previously this significantly reduces the reflections that
would otherwise be present from the air/skin interface allowing the energy reflected
from the tumour to be detected more easily. The monopole has been constructed on an
FR4 substrate with a dielectric constant of 4.4. This value is similar to that of the

dielectric constant of human fat tissue (¢,=4.8) put forward in the paper concerned. In
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the above configuration the antenna has a return loss of below -9.6dB from 3.4-
9.9GHz and maintains reasonably stable near-field radiation patterns across this
frequency range. It is proposed that this antenna work in a two antenna, co-polarised

array with one antenna transmitting and the other receiving the reflected signals [24].

4.2.2 Horn Antennas

Figure 4.7 Resistively loaded pyramidal horn antenna where: (a) is the resistors, (b) is

the launching plane, (c) is the ridge and (d) is the SMA coaxial feed.

The Ultra-wideband impedance bandwidth and frequency stable radiation patterns
Mmake horn antennas interesting candidates for UWB radar imaging. An example of a
Pyramidal horn antenna (see Figure 4.7) has been tested in a monostatic imaging
System in work carried out by the University of Wisconsin [25], [26]. The antenna is
based on a ridged design in which the wave guide section has been replaced with a
direct coaxial feed. To make the antenna compact enough for use in an imaging
System, the antenna has been resistively loaded by replacing one of the ridges with a

curved metal launch plane, terminated with resistors.

The pyramidal horn antenna has a measured VSWR of below 1.5 for the entire 1 to 11
GHz operational bandwidth. FDTD simulations of the antenna have shown that it can
transmit signals with fidelity greater than 92% across a 180° range centred on
boresight [25]. In experiments using a breast phantom (g,=2.6, 6=0.05 at 6 GHz) the

antenna was able to detect a 4mm simulated tumour at a depth of 20 mm below the
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phantoms “skin” surface. The antenna and phantom were immersed in material with

properties identical to that of the phantom to reduce reflections from the “skin” [26].

a)

/Ground Plane

Return Loss (dB)

,‘ X
l:)licmstrip feed
. T DN HER T
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Figure 4.8 (a) Tapered-Slot antenna and (b) the S;; of the tapered slot antenna [27]

Khor et al. [27] has presented an Antipodal Vivaldi (Figure 4.8 (a)) as a candidate
imaging antenna. This antenna is printed on 0.64mm thick, Rogers RT6010LM
Substrate that has a dielectric constant of 10.2 and the overall dimensions of the
antenna in the x-y plane are 50 x 50 mm. The return loss of this antenna, which can be
Seen in Figure 4.8 (b), shows the antenna has an -10dB impedance bandwidth from 3

to in excess of 11GHz.

This antenna has been used in experimental trials of a monostatic radar system (see
Figure 4.2). Located in free space, the antenna was mechanically scanned around the
target to produce a number of 2D slices that are subsequently used to build up a three
dimensional image. The target used in the trials was a small water-filled plastic
Container with a relative permittivity of 50. This was suspended inside a breast
Phantom made of a cylindrical plastic container filled with vegetable oil (&= 4). The
System allowed the detection of Smm diameter targets by visual inspection of the

Tesulting images.
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4.2.3 Stacked Patch
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Figure 4.9 Configuration of the stacked patch antenna

A PCB stacked patch antenna [28] has been proposed for use in the breast cancer
detection system being developed at the University of Bristol [29], [14] (Figure 4.9).
The antenna consists of a microstrip line feeding a slot, which in turn excites an
arrangement of two stacked patches. The slot feed was used to eliminate the
inductance associated with a probe feed. The size of the patches was chosen such that
a lowest order resonance was achieved at either end of the desired spectrum. The

dimensions were then manually optimised using an FDTD computer simulation [28].

This antenna has been designed to operate with the antenna face immersed in a
Matching medium with dielectric properties similar to that of human breast tissue.
When in contact with such a matching medium the antenna has a -10dB return loss
bandwidth of 4-9 GHz, with the exception of a slight mismatch between 6 and 7 GHz.
The antenna produces stable radiation patterns across the required operational
frequency range and is capable of transmitting short UWB pulses at angles of up to
45° away from the antenna’s radiation pattern maximum with minimal distortion and

ringing in the received signal.
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A sandwicfl of different substrates is used in the construction of this antenna. The
majority have high dielectric constants in order to minimise the antenna’s size. The
dielectric constant of these substrates (e; = 10.2) is similar to that suggested for the
value of adipose breast tissue (g = 9) [8]. The effectiveness of this antenna has been
demonstrated in full imagihg experiments using a 2D multistatic antenna array [28],
[19]. An antenna closely based on this one is examined in greater detail in Section 0 -

and compared to the wide-slot.

4.2.4 Summary

Antennas for use in a breast cancer detection system need to be physically compatible
Wwith the problem. If they are to be used in a multi-antenna array the antennas must be
as geometrically small as possible but still have a sufficiently large bandwidth to cope
With the requirements of the imaging system. It is also desirable that antennas are easy
to simulate so that accurate computer models of the system can be built. This has led
to the use of resistively loaded antennas such as Wu-King monopoles that sacrifice
efficiency for more desirable performance characteristics. The exception to this is the
Stacked patch antenna that uses substrates with high dielectric constants similar to

those of breast tissue, to produce a reasonably compact antenna.

For those antennas that are intended for use in bistatic or monostatic imaging systems,
the nature of the application means that geometrical size is not so much of an issue
and the ability of the antenna to efficiently and effectively transmit UWB signals can
be given greater priority. As a consequence, antennas presénted for use in such
Systems tend to be more bulky and are not resistively loaded. Antennas proposed for

use in this application include; bowtie, UWB monopole and Vivaldi antennas.

4.3 The Development of the Cavity-Backed Wide-Slot Antenna

This section presents the design process of a novel UWB antenna intended for use in

the radar based, breast imaging system being developed at the University of Bristol. A
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prototype of this array, populated with the Wide-Slot antenna presented in this chapter

can be seen in Figure 4.10.

Figure 4.10 The prototype 31 antenna array being developed at the University of

Bristol, populated with the wide slot antenna described in this chapter.

The design requirements of an antenna in such a system are that:

e [t is as compact as possible so that the number that can be fitted into the array

can be maximised.

e The antenna is as simple as possible making it easy to manufacture and

simulate.

e The antenna is required to be as efficient as possible while its UWB

performance should be comparable or superior to existing designs.

e In order to reduce back-radiation and cross-coupling of the antennas it is

desirable for the antenna to be cavity backed or directional.

The antenna must be optimised to transmit signals into the matching medium that has
been developed for the system [30] which has a dielectric constant of approximately 9

across the UWB range.
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Figure 4.11 The layout of the wide-slot antenna

The design chosen to fulfil these criteria is a fork-fed, wide-slot antenna whose layout
can be seen in Figure 4.11. This type of antenna was chosen due to its simplicity in
terms of manufacture and simulation, its promising UWB characteristics and the fact
that this antenna type lends itself to be easily cavity backed. This design potentially
offers a compact simple directional antenna that is physically compatible with the

Mmulti-static radar system at the University of Bristol.

This antenna is based on that described in [31] but has been heavily modified and
Optimised to work efficiently when the slot is in contact with a matching medium with
relative permittivity of approximately 10. The optimisation was a manual iterative
Procedure performed using FDTD simulations, that included the resizing and
Tescaling of the slot, fork feed and ground plane and the introduction of a high

Permittivity substrate.

The simulations used in the optimisation process were run using FDTD software
developed at the University of Bristol. In the simulation the slot side of the antenna
radiates into a SOmm-thick block of dielectric (6=0 £=9) with an air gap behind the
antenna. The meshes used in the optimisation process have cells of sizes varying
from 1 {0 0.1mm, while number of cells in the mesh varied from 178x51x186 to

203x134x210 cells depending on the stage of the optimization. The workspace was
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————

terminated by Mur 1% order absorbing boundary conditions. A planar current source
connected between the ground and microstrip, was used to excite the feed line with a
raised cosine pulse of width 112ps. The transmission line was terminated inside the
Workspace using é vertical S0Q resistive load. The S;; was calculated by sampling the

field at a mesh node in the microstripline.

4.3.1 Initial Model Verification

The original antenna design presented in [31] is a 53.7mm square, wide-slot antenna
With a dual fork-shaped, 50Q microstrip feed built on a substrate with relative
Pemittivity of 4.4. The antenna in its original form is designed for UWB
“OMmunications and so the antenna is intended to radiate into free-space. To

characterise this antenna and prove the validity of the simulation, its S;; was found

both experimentally and by simulation.

To obtain measured results, the antenna in [31] was built and can be seen in Figure
412 (). The antenna was manufactured on FR4 (g, = 4.4), the same substrate used in
the paper ang was fed using a female SMA jack. The Sy measurements were made
USing an Anritsu 37397c VNA. The same antenna was simulated using FDTD, the
layout of this model can be seen in Figure 4.12 (b)

A Comparison of the simulated and measured S;; of This antenna (found by the
Buthor) can be seen in Figure 4.13. This shows a good agreement between the two sets
°f data, both plots have the same -10dB bandwidth of 4.5GHz from 2 — 6.5GHz,
approximately the same return levels and resonances at similar frequencies of around
2 and 6 GHz. This verifies the computer model and gives confidence in its use in the

developrnent of the new antenna.
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Figure 4.12 (a) The original wide slot antenna from [31] and (b) the FDTD model of
this antenna where (1) is the ground plane (2) is the square slot (3) is the fork-feed (4)
is the feed point (5) is the field probe in the FDTD model .
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Figure 4.13 Comparison of measured and simulated S;; magnitude for the wide

original microstrip fed slot antenna.
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4.3.2 High Value Permittivity Substrate

It was decided that a high permittivity dielectric substrate would be used to make the
antenna as compact as possible and to reduce reflections from the antenna/matching
medium interface. The substrate chosen was RT/Duroid &= 10.2. As the wavelength
(A) in the RT/Duroid substrate is smaller than that in the original design the
dimensions of the slot and feed must be altered accordingly if the performance
characteristics are to be maintained. With the air/dielectric interface taken into
account the effective permittivity, at the surface of the slot for the FR4 and RT/Duroid
antennas are 3.8 and 8.6. This gives a ratio between the original antenna geometry

(G1) and the new (Gy) is [32]:

Gy M (en /i§=o.65 (4.1)
G, » Ve, V86

Using the RT/Duroid substrate allows the size of the slot and feed fork to be reduced
by a factor of 1/3 while maintaining roughly the same performance. The width of the

microstrip fork feed was recalculated for the new substrate permittivity.

4.3.3 Accounting for the matching medium

It is intended that the antenna is able to transmit pulses into a phantom with a relative
Permittivity of approximately 9. To take this into account the antenna model was
changed to include a block of dielectric material that filled the workspace from the
bOunda.ry to the “slot side” of the antenna. As this dielectric material is replacing air
the size of the slot maybe reduced further due to the higher effective dielectric
Constant. On the opposite side of the substrate the feed remains unaffected by the
medium since the dielectric/air interface is still present. It should be noted that while

the real life-phantom has frequency dependent loss the dielectric block used in the

Simulation is lossless.
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Applying the above changes to the substrate and including the matching medium
allows the size of the antenna to be reduced without significantly altering its
bandwidth. This is illustrated by comparing the S;; of the original antenna (Figure
4.13) and the antenna with these changes in place and the slot dimensions reduced by
a factor of 3 to 17mm x 17mm (Figure 4.14 labelled “Square”). Despite the
significant difference in geometrical size between the altered and original antenna, the
lower -10dB bandwidth cut-off frequency of the altered antenna is shifted upwards by

only 0.5GHz, while the impedance response is improved between 6 and 10GHz.
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Figure 4.14 Simulated S,; magnitude for Slots with 17mm x-dimension and varying z-

dimension.

4.3.4 Effect of the Slot Dimensions

It is desirable that the new antenna be as compact as possible. As a result the
possibility of reducing the size of the slot is a major consideration. To reduce the size
of the slot any further we must determine how this will affect the performance of the
antenna. From Figure 4.14 it is clear that altering the z-dimension of the slot has little
effect on the -10dB bandwidth of the antenna, while reducing this parameter improves
the response by around 10dB at the 3.5GHz resonance. This allows the z-dimension of

the slot to be reduced to 12mm without any negative effect on the input performance
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of the antenna. It was found that the slot x-dimension was almost directly related to
the antenna’s lower bandwidth cut-off point. This is agreement with results found for

similar slot antennas [33].

4.3.5 Effect of the Ground Plane Geometry

The ground plane is one of the major contributing factors to the size of the antenna.
But altering it will inevitably change the antenna’s input and radiation characteristics
[32]. The effect of changing z (the size of the ground plane above and below the slot
see Figure 4.11) on the return loss of the reduced size slot seen in Section 4.3.10, can
be seen in Figure 4.15. The ground above and below the slot is set at the same value
SO as to try to maintain the symmetry in the radiated field. Figufe 4.15 shows that as
the size of the z-ground is increased, the return loss in the major null is improved from
-15dB to -25dB. The overall -10dB bandwidth is reduced from 2-5.5GHz (3.5GHz) to
3-5.25GHz (2.25GHz).

S11 (dB)

20 +—— f”‘_ﬁ — —

[r-=z=10mm — -2=51mm —z =265 mm |

-25
Frequency (Hz)

Figure 4.15 The simulated S;; magnitude for a 17 x 12 mm slot with varying the

ground plane in the z-direction.

Figure 4.16 shows the boresight free-space transfer function of the antennas seen in

Figure 4.15. These plots show that regardless of the ground geometry the bore sight
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transfer function varies less than 10dB in the worst case (1x10mm ground) and 6dB in
the best case (1x5mm ground). The relative “flatness” of the transfer function across
the frequency range of interest means that any signal transmitted by the antenna is
likely to have low levels distortion [34]. At angles away from bore sight the flattest

transfer function is seen with the 5.1mm ground above and below the slot.

Varying x, the extent of the ground in the x-direction either side of the slot, has only a
small effect on the antenna S;. The general trend is that there is a slight improvement
in the antennas performance when x is reduced. This suggests that x can be made as
small as required, allowing a significant reduction in antenna size. In summary the

most appropriate values of x and z are 1 and Smm respectively.
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Figure 4.16 The simulated bore sight transfer function magnitudes at 35mm into the

phantom for the antenna configurations seen in Figure 4.15.

4.3.6 Effect of Changing the Feed Gap Between the Bottom of the Fork
Feed and the Slot Edge

The ‘feed gap’, or the gap between the lower edge of the slot and the fork feed, is one
of the most critical factors when tuning the antenna. Figure 4.17 shows the variation

in S;; with the size of the feed gap, for the optimised antenna configuration seen in

-116 -



Chapter 4 A Wide-Slot Antenna for Breast Cancer Detection

Section 4.3.5 (17x12mm slot with a 1x5.Imm ground). This shows that as the gap
increases in size from 0.5mm to 2.0mm there is an improvement in the -10dB
bandwidth from 2GHz (3-5GHz) to 5.5GHz (1.5-7GHz). Above this value there is no
significant increase in bandwidth but the response rises above -10dB in the 2.5GHz-

0.5GHz frequency range.

The transmission characteristics show a general improvement with increasing feed
gap, especially at higher frequencies. Taking both this and the S;; results into
consideration, the most appropriate feed gap dimension is 2mm. These results also
highlight the sensitivity of the antenna’s performance to even a small change in this
parameter. As such, care must be taken when manufacturing the antenna and the

associated tolerances must be taken into account when analysing the measured results.
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Figure 4.17 The simulated S;; magnitude for antennas with a 17x12mm slot, 1x5mm

ground plane and various feed gaps.

4.3.7 Effect of Changing Substrate Thickness

The operational bandwidth of the breast imaging system is around 4-10GHz. The
lower S); cut off frequency of the antenna is shifted to this value by halving the
dimensions of the ground plane (x = 0.5, z = 2.5), feed and slot (8.5x6mm). This

antenna was simulated with two substrate thicknesses of 1.27 and 0.8mm that were
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being considered for the antenna’s manufacture. The input performance of the antenna
in each case can be seen in Figure 4.18. It can be seen that while the substrate doesn’t
affect the bandwidth of the antenna and has little effect at lower frequencies, at higher
frequencies the response is significantly improved if the 1.27mm substrate is used.
Using the thicker substrate also results in a slight improvement in transmission
Properties (see Figure 4.19). The boresight transfer function is increased by
approximately 3dB across the entire frequency range. The thicker substrate is

therefore the preferable option.

4.3.8 Summary of Results

The effect of parameters on the wide-band performance of the Wide-Slot antenna has
been quantified using an FDTD simulation. The antenna has been progressively
Optimised in terms of its geometrical size, impedance bandwidth and transmission

Properties. The points of note from this investigation were:

1. The most sensitive parameter was the feed-gap. By varying this dimension the

antenna can be “tuned” and the impedance bandwidth optimised.

2. Reducing the size of the slot in the z-direction was found to have little effect
on the performance of the antenna whereas the x-dimension was found to

dictate the lower cut-off frequency.

3. The size of the z-ground has a large effect on the S;; of the antenna; the
smaller the ground the better the bandwidth however the boresight transfer

function shows that a ground that that is either too large or small can have a

detrimental effect on the performance.

4. It was found that the thicker substrate improved both the input and radiation

characteristics of the antenna.
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Figure 4.18 Comparison of the S;; magnitude for 8.5x6mm slot antenna with a Imm

feed gap on 1.27mm and 0.8mm substrate.
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Figure 4.19 The simulated bore sight transfer function magnitudes at 35mm into the

phantom for substrate thickness of 0.8 and 1.27mm.

-119 -



Chapter 4 A Wide-Slot Antenna for Breast Cancer Detection

S11 mag (dB)
5
7/
I
|
[
I
I
!
/
/
/
/
\
\
\
\

V

r— Optimised — - Manufactu@

-40

Frequency (GHz)

Figure 4.20 the S|} magnitude for the optimised and manufactured antennas
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Figure 4.21 The simulated bore sight transfer function magnitudes at 35mm into the

phantom for the optimised and manufactured designs.
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4.3.9 The Optimised Antenna

Using the information gathered from the above investigation, the antenna design was
Optimised in terms of its input and radiation performance while at the same time
trying to minimise its size. The result of this process is an antenna with a slot size of
8.5mm in the x-direction and 6 mm in the z-direction. The optimum size of the ground
plane is 2.5 mm above and below the slot and 0.5mm either side. The optimum feed
£ap was 1 mm on a substrate with a relative permittivity of 10.2 and a thickness of

1.27mm.

The simulated return loss of this antenna can be seen in Figure 4.18 under the label,
Optimised. This shows the antenna has a -10dB impedance bandwidth of better than
1:3.3 from 3 to abovel 0+ GHz, with resonances occurring at 3.5, 6 and 8 GHz. The
transmission response of this antenna can be seen in Figure 4.21. This illustrates the
fact that the free space transfer function varies by less than 2 dB across the frequency

fange of 3-10 GHz.

4.3.10 Antenna for Manufacture
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Figure 4.22 The antenna intended for manufacture (all dimensions in mm)
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For reasons of manufacture, namely ease of construction and handling, the ground
plane of the antenna was increased in size by 1mm on either side and above and
below the slot. This finalised antenna design can be seen in Figure 4.22 and a
comparison of the S;; of this antenna to that of the optimised antenna can be seen in
Figure 4.20. With the changes to the ground plane the lower cut off frequency of the -
10dB impedance bandwidth is increased by 1GHz to 4GHz while the magnitude of
the return loss is increased across the entire frequency range. However when the
boresight transfer function is observed (Figure 4.21) it can be seen that the
transmission properties of the antenna are largely unaffected by the change. The only
noticeable differences between the performances of the two antennas are a drop of
about 1dB in the transfer function of the finalised antenna between 3 - 4 GHz and 9 —
10 GHz when compared to the optimised antenna. This gives a maximum variation of

3 dB across the frequency range 3-10 GHz.

4.3.11 The Measured Antenna Performance and Refinement of the FDTD
Model

[

W e 2 ]
wy Vo e v :
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Figure 4.23 The manufactured antenna fed using an SMA connector

The antenna was manufactured on 1.27mm thick RT/Duroid RO3010 substrate which
has a dielectric constant of 10.2 + 0.3 at 10 GHz. The manufactured antenna, fed

using a female SMA jack, can be seen in Figure 4.23. To measure the antenna Sy, it
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was suspended above a large volume of the matching medium developed at the
University of Bristol [30] with the slot surface in contact with the medium. The input
characteristics were measured using an Anritsu 37397¢ VNA. These results can be
seen in Figure 4.24, which also shows the simulated result for comparison. This
indicates that the antenna’s measured -10dB impedance bandwidth is in reality
smaller than that found for the simulated antenna extending from 4.5-9GHz. The
magnitude of the measured return loss is also greater across the entire frequency range

the simulation showing the worst agreement at high frequencies.

The fact that the comparison between measured and simulated results showed the
greatest difference at high frequencies tends to suggest that it is the feed region of the
antenna that is inaccurate as it is usually dictates the high frequency performance of
UWB antennas [35]. This idea is reinforced when the SMA feed of the antenna is
examined (Figure 4.23); the metal plate on which the jack is mounted visually
dominates the antenna. To take this into account and improve the accuracy of the
model a “feed plate”, of the same dimensions as the plate of the SMA, was added to
the model (Figure 4.25). The return loss for this arrangement can also be seen in

Figure 4.24.

Ly
3

0 T T T
2 N\ 3 4 5 6 7 8 9 10
\_\‘
-5 - Y\\\\‘ 7 —~
Ny ’ §
™ A
2 .10 S  _ .
~ - '\\~\/ //
o . N o sy -
g \ / N
-~ \ N gt
n

b T ¥

m— = Meas@ — - Simulated with feed plate

Frequency (GHz)

Figure 4.24 The simulated and measured S;; magnitude for the manufactured Wide-

Slot antenna
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The new FDTD model shows a much better level of agreement with the measured
results. Both responses have an S;; lower cut off frequency of 4.5GHz. Differences
between the two plots are probably due to manufacturing errors which inevitably
occur at this prototype stage. The effect that just a small difference can have on the

antennas performance was highlighted in the development process of this antenna.

Figure 4.25 The feed plate added to the FDTD simulation

4.4 The Development of the Cavity and Feed

In order to reduce back radiation and coupling between antennas the antenna will be
cavity backed. As with the design of the antenna, the geometrical size of the cavity in
the x-z plane should be kept to a minimum. The geometrical size of the cavity in the y-
direction is primarily dictated by keeping it as practical as possible while minimising

its effect on the antenna.

The cavity has been designed by manufacturing a number of different examples and
measuring the S;; of the antenna using the same method as was used to measure the
antenna’s performance in Section 4.3.11. The cavities were constructed from 0.25mm
copper sheet and lined with 1mm thick Eccosorb FGM40, a material that will absorb
any emission from the rear of the antenna. To avoid absorption losses in the feed a
3mm gap was left between the lower extent of the absorber and the rear face of the

antenna and the microstrip feed.
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Two different cavities were investigated, both which can be seen in Figure 4.26. The
smaller of these cavities is a quarter of a wavelength long at 6GHz while the larger
cavity is quarter of a wavelength at 3.3GHz. The measured S;; of the wide-slot with
and without these cavities can be seen in Figure 4.28 and Figure 4.29. It should be

noted that the input responses of the two antennas without the cavities are not the

same due to differences arising in the manufacturing process.

Cross-section Cross-section
Large Cavity Small Cavity

Absorbing Material —___| All Dimensions in mm

v

23.0 I——»z

Cavity Wall —__ |

Microstrip —\

Substrate

SMA Connector

i

7
12
n

Figure 4.26 Schematics of the constructed cavities

Examining the effect of the small cavity, it can be seen that the -10 dB impedance
bandwidth is reduced by approximately 0.5 GHz to 4 GHz. At the same time the
lower cut-off frequency shifts from 4.5 GHz to 5 GHz. The response of the antenna
above 5.5 GHz is largely unchanged. The effect of the larger cavity is less
pronounced. The S;; of the antenna is largely unaffected at frequencies above 4 GHz
and the -10dB bandwidth is the same as without the cavity. The only significant
change is the further degradation in performance between 5.5 GHz - 6.5 GHz. In
summary the results suggest that the cavities start to affect the S;; of the antenna at
frequencies where the y-dimension of the cavity is close to or less than a quarter of a
wavelength. As a result the Sy, of the antenna is largely unaffected by the addition the

larger cavity.
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4.4.1 The Bent Coaxial Feed

The feed is one of the main contributing factors to the overall geometrical size of the
antenna. If a conventional SMA feed is used as in Figure 4.23, the SMA connector is
almost as large again as the antenna itself. With the addition of a coaxial cable and
male connector, the assembly is at least twice as large as the antenna. In order to
address this problem a new feed has been developed that directly feeds the antenna
with a section of RG405 coaxial cable, eliminating the need for an SMA connector
altogether. The coaxial cable is also shaped in such a way, that it curves up behind the

cavity reducing the dimension of the feed still further.

Using this feed the antenna is excited in the same way as with a conventional SMA
connector. A hole is made in the side wall of the cavity level with the top surface of
the antenna substrate and the microstrip line. The outer conductor of the coaxial cable
is soldered to the edges of the hole which is just large enough for the inner conductor
and dielectric insulator to pass through. Inside the cavity the dielectric stops at the
edge of the antenna substrate and the inner conductor is soldered to the top surface of

the microstrip line.

Figure 4,27 The large cavity backed, wide slot antenna with bent coax feed (left). The
stacked patch antenna with a standard SMA feed (right)
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Figure 4.28 The measured S;; magnitude of the Wide-Slot antenna with and without

the small cavity
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Figure 4.29 The measured S;; magnitude of the Wide-Slot antenna with and without

the large cavity.
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A comparison of the bent coax fed, large cavity backed, wide-slot antenna and the
SMA fed stacked patch antenna, with which it will be compared with later in this
chapter, can be seen in Figure 4.27. This clearly shows the size reduction that is

achieved with the bent feed.

In order to ensure that the bent feed does not detrimentally affect the wide-slot
antenna’s performance, the measured S;; of an antenna fed in this manner is
compared to an SMA-fed antenna Figure 4.30. This shows that the bent feed has little
effect on the S;, the differences in the two respbnses can be accounted for by

differences that result from the manufacturing process.
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Figure 4.30 Comparison of the measured S;; of the Wide-Slot antenna with an SMA
and bent feeds.

4.4.2 FDTD Simulation of the Antenna with the Cavity

To allow further investigation into the effects the large cavity, the FDTD model was
updated to include it (Figure 4.31). A comparison of the measured and simulated Sy,

of this arrangement can be seen in Figure 4.32. The simulated results show a
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reasonable level agreement with the measured response up to approximately 7.5 GHz.
Both plots have similar -10dB lower cut off frequencies at 5.2 and 4.5 GHz, the first
resonances are at 5 and 5.7 GHz and both plateau after this point. Above 7.5 GHz the
two plots diverge, the simulation predicting significantly better performance than was
measured. The fact that this occurs at higher frequency suggests that this may be due
to differences between the simulated and measured antenna geometries. As the
frequency increases the electrical size of the variations and so their effect on the

response becomes more significant.

Work Space

Antenna In the
Large Cavity

E-plane
Probes

H-plane
Probes

Figure 4.31 The configuration of the FDTD simulation of the large cavity backed slot

(Dielectric phantom not shown for clarity).

An important requirement in this application, is that the antenna fields remain as
constant as possible with regards to angle from boresight and frequency, ensuring that

the radiated microwave signals maintain their fidelity (see Section 2.5.3) regardless of
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illumination angle. To investigate the performance in this respect, the near field of the
antenna is measured at 14 points across two circular arcs in the E and H — planes (see
Figure 4.31). The radius of both arcs is 30mm, centred on the middle of the slot. The
angular spacing of the measurement points is 15° giving an angular range of + 45° in

each plane with 0° at boresight.
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Figure 4.32 Comparison of the simulated and measured s; for the wide-slot antenna

backed with the large cavity.

The information from these field measurements was processed in the same manner as
for the trident monopole in Section 3.4, providing a way of examining the near field
transfer function in terms of frequency and angle from boresight. The H-plane plot in
Figure 4.33 shows that from OHz to 4GHz the transfer function increases uniformly
from -100dB to -30dB across the angular range. The peak in the response corresponds
to the point where the return loss also starts to improve rapidly. Between 4 and 8 GHz
the antenna shows a reasonably flat response across the angular and frequency ranges.
Above 8GHz the response starts to degrade slightly at angles away from boresight. In
summary the antenna has frequency stable beam at boresight that narrows slightly at

higher frequencies. It should also be noted that the response of this antenna is

- 130 -



Chapter 4 A Wide-Slot Antenna for Breast Cancer Detection

Angle (Degrees)

1 1

4 6 8
Frequency (GHz)

Figure 4.33 Contour plot (level step = 3dB) of the H-plane near-field versus frequency
for the wide slot antenna
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Figure 4.34 Contour plot (level step = 3dB) E-plane near-field versus frequency for

the wide slot antenna
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Symmetrical about boresight due to the symmetrical nature of the antenna’s geometry

in this plane.

Figure 4.34 shows the same data for the E-plane. This figure shows that as for the H-
Plane, from 4 to 7 GHz the antenna has a response that, while not quite as uniform, is
r€1ative1y stable. From 7 to 10 GHz, as the frequency increases, the main beam of the
antenna gradually shifts upwards. At 10 GHz the “squint” is at it’s greatest. The
direction of maximum radiation is shifted by 30° resulting in a difference of 15dB in
the S,; magnitude the angular extremes (+/-45°). This behaviour is due to the
Unsymmetrical way in which the antenna is fed in this plane. This frequency
instability is undesirable as it will lead to distortion of the radiated signals at the

angular extremes.

4.5 Revised Antenna Design

In the last section it was found that the main beam of the antenna showed a “squint”
in the E-plane at higher frequencies because of the unsymmetrical nature of the
antenna feed. After consultation with other members of the research group it was
decided that the arrangen{ent of the feed and slot should be changed slightly to try and

Mitigate these effects. The changes made to the original antenna design were:

® The horizontal section of the fork feed Was moved below the lower edge of the
slot in an attempt to reduce the lack of symmetry in the slot itself.

* To minimise reflections from the point where the fork feed divides the width
of the fork feed above this point was altered to give an impedance of 100Q giving
an input impedance of 50Q at the junction.

* The slot itself wés shifted in the z direction in the ground plane to make room

for the new feed arrangement and to try and further counteract the shifting beam.

The revised antenna design can be seen in Figure 4.35. From this point on the revised
antenna will be referred to as version 2 and the previous antenna will be referred to as

Version 1,
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The simulated and measured Sy for version 2 can be seen in Figure 4.36. It can be
Seen that there is a pleasing level of agreement between the two data sets; both have a
-10dB bandwidth of more than 5.5GHz with a lower cut-off frequency 4 GHz
(4.5GHz in the simulated case) and a higher cut-off in excess of 10GHz. This is larger
than the measured S of version 1. At around 6 GHz there are some points in the
Mmeasured data where the return loss rises above -10dB. This frequency region will be
CXamined later to assess the impact of this increased level of reflection, on the
transmission response. Both simulated and measured results show that there are two

Major nulls in the response at 4.75 GHz and 7.5 GHz and are in good agreement to

their location and magnitude.
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Figure 4.35 The revised antenna design (all dimensions in mm)
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Figure 4.37 A contour plot (level step = 3dB) of the H-plane near-field in terms of

frequency and angle from boresight for the version 2 antenna
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Figure 4.38 A contour plot (level step = 3dB) of the E-plane near-field in terms of

frequency and angle from boresight for the version 2 antenna

The differences between the two plots are probably due to fabrication tolerances,
particularly the feed, which has dimensions of the order of 0.2mm. The antenna used
in these measurements was manufactured with much higher tolerances than that used
to produce the results for version 1. This is the most likely reason for the improved
agreement between the simulated and measured results. This level of agreement gives
confidence that other results obtained using the FDTD model will correctly reflect the

true properties of the antenna.

Using the FDTD simulation, near-field plots were produced using the same technique
as for version 1. The H-plane, transfer function data for version 2 (Figure 4.37) shows
that the main beam of this antenna is broad and relatively frequency independent. The
magnitude of the antenna’s transfer function varies by less than 6dB from 4-10 GHz

across the entire angular range. The beam is symmetrical about boresight and from 8-
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10 GHz, narrows with increasing frequency. Overall the beam is slightly narrower

than that seen for version 1 most notably between 6 and 8 GHz.

The corresponding E-plane plot can be seen in Figure 4.38 and shows that as for
version 1 the near-field beam has an upward squint that increases with frequency.
However, in this case the shift is far less pronounced and from 8-10 GHz the beam
broadens out giving a difference in magnitude between the two angular extremes of
approximately 3dB at 10 GHz, a significant improvefnent over the 15 dB difference
seen for version 1. As a consequence the beam is broader and more frequency stable
implying that the antenna will radiate UWB pulses more effectively with less

distortion.

The above investigation of the version 2 antenna’s performance shows a marked
improvement over that of version 1. The changes made to the design seem to have had
the desired effect, the impedance bandwidth of the antenna has been maintained while

the squint present in the E-plane near field has been reduced.

4.5.1 Effect of the Cavity

The cavity has been included to reduce the backscatter radiation produced by the
Wide-Slot antenna. The effect of the cavity can be judged by examining the fields
around the antenna. This has been done using the FDTD model élready used to model
the antenna (see Figure 4.31). The time-domain fields in the H-plane of the antenna
have been sampled at 10 degree intervals, at a radial distance of 30mm from the face
of the antenna. Performing a Fourier transform on the resultant time-domain signals
the antenna fields have been extracted at 3, 6 and 9 GHz. This data is displayed in
polar form in Figure 4.39. In each case the plots have been normalised so the
magnitude of the field in the direction of maximum radiation is set to 0dB. In these

plots 0° corresponds to the direction normal to the slot side of the antenna.
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3GHZ 270 — No Cavity

Figure 4.39 The Simulated H-plane antenna fields of the Wide-Slot antenna with and
without the cavity at (a) 3GHz (b) 6 GHz (¢) 9 GHz. The radial scale of the plots is

the normalised field magnitude in dB.
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These plots show that both with and without the cavity the radiation occurs is greater
from the slot side of the antenna. For the antenna without the cavity this is primarily
due to the presence of the matching medium on this side of the slot. The presence of
the cavity reduces the backward radiation of the antenna by approximately 8-10dB at
all three frequencies while the main boresight lobe of the antenna remains largely
unaffected. Subsequently the front-to-back ratio (FBR) of the cavity backed antenna is
significantly better than when it is unshielded: At 3 GHz the FBR is 14.6dB with and
7.2dB without, at 6 GHz the FBR is 20.6dB with and 9.7dB without and at 9 GHz the
FBR is 22.3dB with and 14.3dB without. It can be concluded that the cavity is
significantly reducing the backscatter from the antenna without significantly affecting

the boresight radiation pattern.

4.6 An Investigation of the Transmission Characteristics of the

Wide-Slot Antenna with Comparison to a Stacked Patch.

Matching Medlium
Parch 1
Parch 2

Microstrip

Gy

Slot

Metallic Back
Plane

SMA Feed

Parameter Xy X2 X3 X4 Vi V2
Dimension 0.66 6.0 9.0 18.0 064 1.9

Parameter V3 V4 Z] 2) Z3 Z4
Dimension 0.8 127 180 6.5 60 3.0

Figure 4.40 The stacked patch comparison antenna (all dimensions in mm)
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In this section the radiation performance of version 2 of the Wide-Slot antenna will be
measured and compared with that of a slot-fed, stacked patch antenna that was
previouély designed for the same application and closely based on that seen in [28]
(see Section 4.2.3). The experimental setup used in the transmission measurements
will be discussed. The input and transmission response of the stacked patch will be
compared to the wide-slot. Finally the results of a simple radar experiment will be

presented and discussed.

4.6.1 The Stacked Patch

Figure 4.40 shows the stacked patch antenna that will be compared to the wide-slot. It
should be noted that this figure shows the antenna without the cavity used to back the
antenna while taking measurements. The antenna consists of a microstrip line feeding
a slot, which in turn excites an arrangement of stacked patches. The slot feed was
used in order to eliminate the inductance associated with a probe feed. The patches
sandwich a lower permittivity substrate and their size was chosen such that a lowest
order resonance was achieved at either end of the desired frequency band. The
dimensions were then manually optimised using an FDTD computer simulation [28].
Figure 4.27 shows this antenna mounted in the cavity used for the following

measurements.

The measured Sy; for the stacked patch antenna can be seen in Figure 4.41, also
included in this figure is the S, for the Wide-Slot. Comparing the performance of the
two antennas it can be seen that both show similar performance, with similar -10dB
bandwidths; the patch demonstrating a 5.5GHz -10dB bandwidth between 4.25 and
9.75GHz. As with the Wide-Slot, the patch antenna data also shows a drop in
performance across the frequency range of interest between 7.3 and 8.3 GHz where
the s;; rises to -8dB at it’s maximum. This discrepancy will be examined in the

measured transmission response.
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Figure 4.41 Measured Sy; for the Wide-Slot and patch antennas.

4.6.2 Experimental Arrangement

In order to fully characterise the antennas the radiation characteristics must be
determined. As these results are required with the antennas radiating into a breast
phantom, obtaining measurements, especially the radiation data, is quite a challenge.
Since it is the transmission performance between two of the antennas that is the
Critical factor in the imaging application and due to a lack of suitable reference
antenna, the radiation characteristics of the antenna under test were found by

measuring the transmission between two identical antennas of that type.

The experimental setup used to take measurements can be seen in Figure 4.42. In this
arrangement both receiving and transmitting antennas are immersed in a large tank of
the matching medium/phantom (1). The transmitting antenna (2) is fixed close to the
tank wall in a stationary position facing out into the medium. The receiving antenna
(3) is mounted on a rig (4) that describes an arc of radius 100mm around a central
point at which is the centre of the face of the first antenna. The manner in which the

second rig follows the arc results in the second antenna always directly facing the
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first. Measurements were taken in the E and H planes using a VNA (5), the chosen
plane selected by attaching the antennas to the measurement rig in the correct

orientation before immersion in the phantom medium.

Figure 4.42 (a) Experimental arrangement (b) close-up of positioning apparatus.

4.6.3 Transmission Response

As has already been discussed, for an antenna to radiate UWB signals with minimal
distortion, the magnitude of the antenna transfer function must be as flat as possible
across the required frequency range [36]. Examining the measured bore-sight S,; in
Figure 4.43 (bore-sight being normal to the plane of the antennas — see Figure 4.35
and Figure 4.40) shows that both antennas have approximately the same performance;
both having a maximum magnitude around 4GHz which then drops steadily with

frequency.
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Figure 4.43 Simulated and measured boresight Sy; for the wide-slot and patch

antennas

The major difference is that between 4 to 9 GHz the magnitude of the stacked patch
transfer function is consistently 7dB higher. This is because (as will be shown later)
the main beam of the patch antenna is narrower than that of the wide-slot,
concentrating the radiated energy at bore-sight. In other words, the patch has a higher
gain due to its larger aperture. This can be illustrated by finding the directivity of both
antennas at bore-sight [Do], using an approximation based on the main beam-widths at
a single frequency. Assuming that each antenna only has one main lobe the directivity
in dBs is given by equation 2.26. In this case 01, and 6 5 are the 3dB beam widths in
degrees for the E and H — planes. Substituting the beam width values for the patch and

slot at 4.5GHz gives;

41253 41253
Dy, = IOIOg[WJ =8.5dB, DOpatch = IOIOg{W:] =10.8dB

Hence the gain would be approximately 2.3 dB less for the wide-slot antenna than for

the patch. The transfer functions in Figure 4.43 are measured using two antennas,
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- therefore for one antenna the wide-slot’s gain is 3.5dB lower than that of the patch.
Compéring this value to the 2.3 dB difference due to the change in aperture it can be
seen that the lower directivity‘ of the wide-slot accounts for the majority of this
difference; the remaining 1.2dB is most likely due to slightly higher back-radiation
from the slot or to measurement errors. The wider antenna beam (hence lower gain)
seen in the results for the slot is desirable, since it gives the most uniform illumination
of the breast by the antenna array elements, the reduction in bore-sight gain is simply

an unavoidable consequence of this.

The main reason for the shape of the slope of the graphs in both cases is the
attenuation in the matching medium, which increases with frequency. This is borne
out in the fact that the simulated S for the wide slot antenna was practically flat
before losses in the phantom were taken into account. With their inclusion (post
simulation using a frequency dependent model) the simulated results show a good

level of agreement with the measured data,

Reférring back to the issues with the S;; data raised in Sections 4.3.10 and 4.6.1. The
transmission performance of the wide-slot antenna seems unaffected by the slight
mismatch in the 6 GHz region. However, the stacked patch transfer function does
show a slight dip at around 7-8 GHz indicating that in this case the mismatch may be

having an effect. Neither of these effects is very significant.

Examining only the bore-sight gain gives a limited view of the antennas’
performance. To get a better understanding of the radiated field, the E and H-Plane
transfer functions have been measured between 2 and 11 GHz. Measurements were
made with an angular resolution of 15°, over the range +60° to -60° away from bore-
sight. This information has been processed in the same way as in Section 3.5.4.1 to
produce plots of the field in terms of angle and frequency. These can be seen in Figure

4.44 - Figure 4.47 (in these figures an angle of 0° corresponds to boresight).
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Angle (Degrees)

Frequency (GHz)

Figure 4.44 Measured S| E-plane data for the wide slot antenna

Angle (Degrees)

Frequency (GHz)

Figure 4.45 Measured S;; E-plane data for the patch

Examining the E-plane transfer function data shows that the wide slot antenna (Figure
4.44) maintains its signal strength across the angular range examined. The antenna has
maximum field strength at 0° but never drops below 10dB of this value. The variation
in the magnitude with frequency is similar at all angles. As was seen for the simulated
results ‘there seems to be a slight squint in the positive direction, at higher frequencies
that is probably a result of the lack of symmetry in this plane. This squint is minimal,

manifesting itself as a 3-5dB difference between values at the angular extremes.
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Figure 4.46 Measured S| H-plane data for the wide slot antenna
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2 3 4 5 6 7 8 9 10
Frequency (GHz)

Figure 4.47 Measured S, H-plane data for the patch

Figure 4.45 shows the equivalent results for the patch. This shows that the main beam
of the patch antenna is narrow and much less consistent in comparison and above 7
GHz splits into a number of lobes which vary by up to 25dB between the nulls and
peaks in only 30°. The drop off of signal magnitude at higher frequencies noted in the
bore-sight transfer functions (Figure 4.43) is again highlighted between 9 and 10

GHz, with the addition that at more extreme angles this occurs at lower frequencies.
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The asymmetries in the E-plane S;; of the patch (and as will be seen later, pulse
- duration data) are related and likely due to the feed. The microstrip/slot feed
arrangement means that the fields exciting the patches are not symmetrical in the E-
plane (a similar effect can also be seen in the form of the squint in the Wide-slot
radiation characteristics in this plane). These asymmetries in the field feeding the

patches lead to asymmetries in the radiated fields.

Examining the equivalent H-plane results (Figure 4.46 and Figure 4.47) it can be seen
that at most frequencies both antennas have a broad, relatively consistent beams that
are symmetrical about bore-sight. The symmetry in these plots arises because the
antennas are also symmetrical in this plane. It should be noted that, as in the E-plane,
the wide-slot antenna shows a flatter response across frequency and angular ranges,

the beam width of the patch becoming narrower at higher frequencies.

4.6.4 Pulse Duration

For radar-based breast cancer detection it is important that pulses produced by the
antenna (or in this case synthesised from a frequency sweep) are as short as possible
with minimal late-time ringing [11]. Therefore pulse duration is a good indication of
the ability of the antenna to effectively transmit UWB signals into the medium. To
test this, the measured freqiiency domain S;; data for the transmission between two
antenna elements was obtained. Pulses were then synthesised by applying the pulse
template to this transfer function. Some examples of received pulses can be seen in
Figure 4.48 while a detailed description of the time and frequency domain responses

of the template pulse can be seen in [37].
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o

Patch at 0 degrees Wide-slot at 0 degrees
Patch at E-plane -45 Wide-slot at E-plane
degrees -45 degrees
Patch at H-plane -45 Wide-slot at H-plane
degrees -45 degrees

Figure 4.48 Examples of Pulses Synthesised from Measured Transfer-Functions
Normalised to the Maximum Field Strength at 0°. Each pulse is displayed in a 2 ns

time window.

The time taken for 99% of the energy of these pulses to be received was then
calculated. This process was carried out in the E and H-planes at an angular resolution
of 15° from +60° to -60°. Pulse durations for the E-plane (Figure 4.49) show that, as
in the Sy plots, there is an asymmetry present for both antennas. The performance of
the wide slot shows in general that the pulses produced by this antenna are shorter and
there is far less variation with angle (0.8-0.9ns) than those produced by the patch
(0.75 — 1.45 ns). This can be seen in the example pulsés (Figure 4.48) where there is
little difference between the pulses produced by both at bore-sight but significantly

more late-time ringing at -45° in the pulse produced by the patch.
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Figure 4.49 Comparison of measured pulses’ duration (99% of pulse energy) in the E-
plane

Figure 4.50 Comparison of measured pulses’ duration (99% of pulse energy) in the H-
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Figure 4.52 Comparison of measured fidelities in the H-plane

Examining the equivalent H-plane data (Figure 4.50) shows that the wide slot antenna
of 0.97ns at the angular extremes. The patch antenna shows a marginally better

maintains a pulse width of just above 0.8ns in the range of +/-45°, this rises to a value
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performance than the wide-slot between the angles +/-30°, with a pulse duration of
just below 0.8ns. Beyond these angles the length of the pulses increases to 0.98ns at
+/-45° and 1.07ns at +/-45°. As with the E-plane this difference is illustrated in Figure
4.48 where, although not as marked as in the E-plane there is still evidence of late-

time ringing.

The difference in the performance of the two antennas is the result of the poorer
transmission properties of the patch antenna at high angular values (Figure 4.45)
when compared to the equivalent transmission characteristics for the wide-slot (Figure

4.44), which are much more similar to those at bore-sight.

4.6.5 Fidelity

In order to study the level of distortion in the radiated pulses the fidelity (see Section
2.5.3) of the signals was computed at the same points for which pulse duration was
found. In this case the reference signal (E(t)) was the pulse received at boresight. The
calculated fidelity for the antennas in the E-plané can be seen in Figure 4.51. The
asymmetry noted previously can again be seen in both sets of results. The fidelity of
the signals transmitted by the wide-slot antenna is excellent and fidelity remains
above 95% for the entire angular range. Near bore-sight the performance of the patch
is good, however beyond angles of +/-20° the fidelity drops dramatically. This
distortion is due to the irregularities seen in the transfer function data and borne out in
the pulse duration measurements. When the pulses at -45° are compared the distortion
at larger angles can be seen (Figure 4.48). The wide-slot antenna reproduces the signal
at bore-sight with reasonable accuracy at this angle whereas the pulse produced by the

patch shows significant distortion,

For the H-plane (Figure 4.52) both antennas perform well, with the fidelity remaining
above 90% for almost the entire angular range; the fidelity of signals radiated from
the wide-slot never dropping below 98%. Once again the stacked patch performance
degrades at high angles. This drop in performance can also be related back to the

transfer function data: and is most likely due to the rapid drop off seen in the signal
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content at higher frequencies, subsequent ringing (seen in the lengthening pulse

duration) and signal distortion that occurs at these higher angles.

4.6.6 Radar Detection Experiment

Phantom Phantom
v 0. 0.
" = o © o
& .0 ~ Target positions o - o
'600 i O
: | 65 |
Sl I 1
., ’
, -
Antenna Antenna | Antenna 2
116 130

(a) (b)

Figure 4.53 Schematic of the (a) y-z plane and (b) the y-x plane of the FDTD model

used in the radar detection experiments (all dimensions in mm)

A numerical experiment has been conducted to demonstrate the suitability of the
wide-slot antenna for the radar imaging application. The experiment consists of
transmitting a UWB pulse into a numerical breast phantom to locate a tumour-like
inclusion. The FDTD experimental setup uses the same excitation arrangement,
boundary conditions and is based on the same mesh structure as the simulations used
to obtain the antenna’s S-parameters. Two antennas are spaced 65mm apart. Antenna
1 radiates a pulse into a phantom which is received by antenna 2. The dielectric
properties of the phantom (&; = 9, 6 = 0.2 S/m) closely resemble that of human breast
fat. A 5mm diameter spherical inclusion is positioned in the phantom. The relative
permittivity of the inclusion is set at 50 giving a contrast of 5:1 with the phantom
medium, similar to the contrast that might be seen between a tumour and adipose

breast tissue [8]. The position of the inclusion is varied between +/- 60°, at 10°
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intervals, along an arc located mid-way between the two antennas as shown in Figure

4.53.

As the signal received at antenna 2 contains clutter, reflections and coupling between
the antennas, as well as the response from the inclusion, a calibration is performed to
remove these unwanted signals. The calibration signal is obtained by running
simulation without an inclusion present. To clearly see the effect of the antenna this
background signal is subtracted from the signal that is received with the inclusion

present, leaving only the response from the target.

3.5
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Figure 4.54 Integrated spatial energy on a radial path outwards from the centre of the

arc on which the inclusions are positioned

As the path length is the same for each inclusion, waveforms from the different
inclusion positions, normalised to their maximum value, can be added coherently to
produce an aggregate pulse that summarises the antenna performance over the entire
angular range. Squaring and then integrating this pulse over a sliding window

corresponding to the transmit pulse width yields an energy curve that can be
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calibrated to show the radial distance of the inclusion from the centre of the arc

(Figure 4.53). The curve should peak at the true position of Scm.

The results of this analysis (Figure 4.54) show that the energy distribution for the
wide-slot response has a single peak exactly centred at the radial location of the
inclusion. The peak has a width-at-half-height of just over 15.6mm, allowing the
position of the inclusion to be easily identified. In comparison the energy distribution
produced by the patch response is much more diffuse with a lower, less well-defined
peak and a width-at-half-height of 2.63mm, nearly twice that of the slot antenna. This
is a result of the increased distortion and dispersion of pulses produced by the stacked
patch at angles away from boresight. From these results it can be concluded that the

performance of the wide-slot would make it a good candidate for use in a radar-based

breast imaging system.

4.6.7 Experimental Breast Phantom Imaging Results.

Focussing at Z= =18 mm, Max of 0.951 at (X= 18 Y=9 mm) Focussing at Z= -18 mm, Max of 1 at (X= 18 Y= 24 mm)

Y /(mm)
o

-60 -40 -20 0 20 40 60

-60 -40 -20 0 20 40 60
X /(mm) X /{mm)

(a) (b)

Figure 4.55 A comparison of 2D imaging plots, imaging a tumour located at x=20mm,
y=20mm, z=20mm using (a) the 16 element Stacked-Patch array and (b) the 31

element Wide-Slot array.
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Experiments have been carried out to illustrate the improvement in imaging
performance gained when using the new 31-element Wide-Slot imaging array (see
Figure 4.10) compared to the 16-element Stacked Patch array. Measurements were
carried out to image a breast phantom with a tumour like inclusion. The phantom
consists of a hemispherical volume of the matching medium introduced in Section 4.5
(e: = 9, attenuation = 16 dB/cm at 6 GHz) enclosed in a 2mm skin layer (g; = 9,
attenuation = 16 dB/cm at 6 GHz). The tumour phantom (g, = 50, conductivity = 7 at
6 GHz) is located at P(x = 20mm, y = 20mm, z=20mm), giving a contrast with the
background medium of 5:1. For a more detailed description of the phantom see [38]

and for a more information about the imaging experiment see [39].

Both antenna arrays were used to image the above phantom. 2D plots of the results

from these imaging experiments can be seen in

Focussing at Z= =18 mm, Max of 0.951 at (X= 18 Y=9 mm) Focussing at Z= -18 mm, Max of 1 at (X= 18 Y= 24 mm)

09
0.8
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0.5
04
0.3
0.2
0.1

-60 -40 -20 0 20 40 60 ‘ -60 -40 -20 0 20 40 60
X /(mm) X /(mm)

(a) (b)

Figure 4.55. Comparing the plots it can be seen that there is a much higher level of
clutter in (a) and while the target is identified it is far less distinct than the clearly
defined response in (b). While some of the improvement in image quality is down to
the increased number of antennas in the Wide-Slot array the key difference is the

superior performance of the Wide-Slot antenna [39].

4.7 Conclusions

This chapter presented the development of a cavity-backed, wide-slot antenna for use

in the University of Bristol’s UWB multi-static antenna array for breast cancer
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detection. It had been identified that in order to obtain as much information as
possible and so reduce clutter in results from the University of Bristol’s system, the
number of antenna in the array should b'e' maximised. As a result there was a
requirement for an efficient, simple, compact antenna with the appropriate UWB
impedance and radiation performance. A literature review of existing antennas
intended for microwave detection of breast cancer showed that these designs were too
bulky, complex or compromised efficiency for better UWB performance and so a

novel design was required.

The Wide-Slot antenna designed to fulfil this criteria was based on an existing UWB
antenna, but has been developed and optimised to operate in a breast cancer detection
scenario using a combination of the University of Bristol’s in house FDTD program
and measurement. The results of the development process have been presented, the
effects of various parameters on the antenna quantified and from this an optimised
antenna design has been produced. In ;)rder to reduce backscatter and coupling
between antennas in the array, a cavity has been developed along with a curved
coaxial feed which eliminated the need for SMA connectors ensuring the overall

design was compact as possible.

The simulated and measured return loss of the antenna showed good agreement. The
-10 dB bandwidth was found to be in excess of 6 GHz from 4 to 10+ GHz while

simulated near-field data showed that the antenna had a beam that was stable across

the frequency range at angles up to 60° from boresight.

In order to investigate this antenna further the radiation properties of the antenna were
measured along with those of a stacked patch antenna previously designed for the
same application. The stacked patch intended as a means of providing data for direct
comparison. On examination of the transmission properties it was found that, while
the stacked patch performed well at angles close to bore-sight, at wider angles of
illumination (which are very important in this application) the transfer function
showed significant degradation which manifested itself as significant late-time ringing

and distortion of transmitted signals. This was especially notable in the E-plane.
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The wide-slot antenna performed well over the entire angular/frequency range and
faithfully radiated pulses at angles up to 60° away from bore-sight. These resuits
suggest that, along with the fact that the antenna is approximately half thé size of
existing antenna designs; the wide slot antenna is an excellent candidate for use in the

University of Bristol’s UWB breast cancer detection system.
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5.1 Introduction

Conventional Cartesian FDTD is an excellent tool for simulating antennas, but the
technique becomes inefficient when considering complex geometries that have curved
or oblique surfaces [1], [2]. To model this type of structure the FDTD algorithm uses
a “staircase” approximation, illustrated in Figure 5.1 [3]. To represent these surfaces
accurately a very fine mesh must be used leading to excessive computation times. In
addition, it has been shown that even when a fine mesh is used this approximation still
causes numerical errors [2]. As a result a number of techniques have been developed

to cope with complex geometries without resorting to staircasing.

Cartesian FDTD grid |
_ Curved ~ 1] i
surface N\ [~ Oblique

b ~ | |surface
\._./'/ B G

Figure 5.1 The representation of curved and oblique surfaces on a Cartesian grid using

the staircase approximation.

Some problems may be accurately described using alternative orthogonal co-ordinate
systems. The advantage of such schemes is that the FDTD algorithm may be
formulated to run just as efficiently as with the standard code [4], [5]. Cartesian
meshes are the most commonly used orthogonal co-ordinate system, others include
spherical [6], [7], [8] and cylindrical co-ordinate schemes [9] [10]. The usefulness of
these meshes is limited because the inflexible structure of these meshes restricts the

geometries that can be modelled.

Contour Path FDTD (CPFDTD) [11], [12], [13], [14] addresses the problem of
complex geometries by locally distorting the cells of a standard Cartesian mesh so
that their edges correspond to the edges of the complex structure. Based on the

integral form of Maxwell’s equations, this technique requires that the standard FDTD
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formulas be rewritten, to accommodate the deformed cells. CPFDTD has proved to be
succeséful for modelling perfectly electrically conducting (PEC) boundaries [11] and
has been used in various scattering problems such as Radar Cross Section (RCS)
calcﬁlations for double spheres [12]. However, this method cannot be directly applied
to dielectric boundaries because, unlike the PEC case, the tangential E-field is
nonzero. Additional equations are required to deal with this and the extra difficulties
that arise are such that the method becomes impracticable [13]. And so while other
problems with late time stability and mesh generation have been addressed [13], [14]

this limits the usefulness of CPF DTD.

Alternatively the FDTD code can be rewritten to operate with conformal, non-
orthogonal (NO) meshes that can be built to follow exactly the contours of an object
[1], [15], [4], [16]. In this way the surface can be modelled accurately while avoiding
an overly dense mesh. Unfortunately NO FDTD is much less efficient than the
Cartesian algorithm; the number of operations per cell is increased by a factor of three
and the memory requirements by a factor of six [4] (see Section 5.3). So modelling

large scale geometries in this way can lead to prolonged run times.

NO/Cartesian Hybrid meshes [16] address some of the issues associated with, large
purely NO curvilinear grids and the inflexibility of orthogonal-based co-ordinate
systems. This strategy involves limiting the use of NO mesh to the regions of the
model that contain curved or oblique surfaces and descritiziﬂg the ‘majority of the
computational domain with conventional Cartesian mesh. This ensures that any
complex surfaces are accurately modelled, while at the same time, the number of
computationally intensive NO mesh cells, and as a result the computational costs, are

kept to a minimum.

An alternative take on this idea is to produce a hybrid mesh in which orthogonal grids
with different orientations, co-ordinate systems [17] or even different EM solvers
[18], [19], are linked together to model a geometry that can not be dealt with by one
of the meshes on their own. The main issue with these schemes is how to link the

different regions of mesh in a way that will not distort fields that cross it and so avoid
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introducing errors into the simulation. One way in which this problem has been
tackled is to overlap the mesh regions and transfer the field values from the nodes of
one mesh to the other. Obviously the nodes of the two different meshes will not align
with each other and so an interpolation scheme is employed [17]. Inevitably this
method is computationally complex and in the case of the overlapping mesh, the

approximation resulting from the interpolation will lead to errors.

Motivated by the promise of short run times and low memory requirements a number
of techniques have been developed to construct confofmal orthogonal meshes in 2D
[20], [21], [22], [23], and 3D applications [24] [25] [26] [27] [28]. Running the FDTD
algorithm with a mesh that is both orthogonal and flexible has obvious advantages
and solves many of the problems associated with NO schemes. On the other hand,
orthogonal grids have limitations when modelling sharp, non-smooth features and

boundaries because of difficulties when constructing the mesh [28].

This chapter presents an alternative method for modelling three dimensional complex
structures, based on an orthogonal, hybrid, FDTD mesh. As already noted one of the
most critical parts of a hybrid mesh is the transition between the different regions. In
this case it is proposed that a section of 3D, Orthogonal Curvilinear (OC) mesh be
used to link mesh-regions that are based on different orthogonal co-ordinate systems.
This will result in a mesh that is both computationally simple and efficient to
simulate, while at the same time the OC mesh will provide a smooth, continuous

transition between the different regions.

The novelty of this hybrid meshing techniqﬁe is the construction method of, and way
in which the rest of the mesh relates to, the OC section. Thé construction of the OC
mesh takes advantage of the orthogonal nature of field lines and isopotentials in a
potential field. Using the Laplace equation, the potential field is solved for in a
volume with the same shape as the OC mesh region, whose boundary conditions have
been carefully chosen to create a field that mimics the desired structure of the mesh.
Field lines are traced through this volume from set points on its boundary. A 3D

orthogonal mesh is created by saving nodes at specific points along the length of these
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field lines corresponding to predetermined potentials. The OC mesh is then used as a

template to construct the rest of the hybrid mesh.

This study focuses on producing a mesh to model a section of the multi-static array
used in the breast imaging system being developed at the University of Bristol (see
Section 4.3). It is desirable to have a numerical model of the array so that, among
other factors, the position and number of antenna elements can be optimised without
resorting to physically building the array. As seen in the previous chapter this array
has a hemispherical structure (see figure 4.10) that conforms to the shape of the breast
being imaged. Using this geometry means that the breast is illuminated with as much

energy as possible, but also that it is difficult to accurately and efficiently simulate

using existing strategies.

CARTESIAN
CURVILINEAR
] SPHERICAL

Figure 5.2 A 3D view of the mesh regions used to model the array

- 162 -



Chapter 5 FDTD Simulation Using an Orthogonal Hybrid Mesh

5.2 The Problem Geometry and General Structure of the
Orthogonal Mesh

The large scale curved geometry of the University of Bristol imaging array, combined
with the planar, right angled nature of the antennas means that the structure cannot
easily be modelled. To simplify the problem only one row of antennas will be
considered, however this still presents a considerable challenge (Figure 5.2). The
approach taken in this work is based on a hybrid mesh that uses a number of different
orthogonal mesh types to model specific regions of the array. The antenna is modelled
using a conventional Cartesian mesh, while the large hemispherical structure of the
breast is represented by a spherical based mesh with an overall radius of 100mm as

can be seen in Figure 5.2 and Figure 5.3.

CARTESIAN

Ho.c.

[l SsPHERICAL

|| EXCLUDED FROM
SIMULATION

Mesh

ALL DIMENSIONS IN MM

Figure 5.3 Cross section through the mesh (see Figure 5.2).
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Top Surface (r+) Bottom Surface(r-)

Figure 5.4 The top and bottom surfaces of the OC block of mesh. Areas that interface
with the spherical mesh coloured green, the flattened surface that interfaces with the
Cartesian mesh coloured yellow and the boundary with the excluded mesh coloured

orange.

Cartesian

/ Il OC mesh

Wl Spherical

Figure 5.5 A “mesh-unit”, the first stage of mesh construction (The excluded mesh

has been removed for clarity). Note the unconventional spherical co-ordinate system.
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As previously discussed the main challenge with this type of meshing scheme, is
trying to produce a link between the different mesh regions. The solution in this
instance is to locate the Cartesian mesh on a block of OC mesh that blends smoothly
into fhe spherical region. The OC block, which can be seen in Figure 5.4 and in
location in Figure 5.2 and Figure 5.3, consists of a 3D solid angle of the spherical
region that spans 14.07 ° in both the 8 and ¢ directions and has a radial thickness of
 5mm at its maximum. The Cartesian mesh integrates with the upper surface of this
block, which is flattened to produce a circular surface, 20.5mm in diameter. The lower
and side planes of the OC block are constructed so that they integrate seamlessly with
a spherically based mesh. For a detailed description of how the OC mesh is built see

Section 5.4.

5.2.1 Mesh Construction

The rest of the mesh is built using the OC block as a reference. To illustrate this
process take the example of a cube of ‘Carcesian mesh. A new section of Cartesian
mesh is to be added to this cube added in the X+ direction. The section of new mesh
is constructed using the z and y co-ordinates of the nodes on the X+ surface of the
cube. New planes of mesh are added in the x-direction by selecting appropriate x-

coordinates for each new plane.

Based on this technique, a wedge of spherical mesh is added to the - surface of the
OC block that extends to the centre of the spherical region. The qo and 6 coordinates of
the new mesh are referenced from nodes on the r- surface of the OC block and new
planes are created in the r- direction (Figure 5.4). The Cartesian mesh, used to model
the antenna, is created in a similar manner using the x and y coordinates on the, r+
surface of the OC block and creating new planes in the Z+ direction. Once this
process is complete the result is a “mesh-unit” that can be used as a template to

construct the rest of the mesh (Figure 5.5).
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5.2.2 The Inter Unit Mesh

The mesh that is used to discretise the inter-unit regions is constructed in a similar
way to that already described. The » and ¢ co-ordinates of the surfaces either side of
the unit are used as reference planes to produce new mesh by varying the 6-values.
Once all the mesh-units have been joined, the same technique can be used to extend

the mesh in the in the ¢-direction, to model as much of the spherical phantom as is

required (Figure 5.1).

CARTESIAN
lo.c.
[l SPHERICAL
[ EXCLUDED FROM

SIMULATION
Mur ABC

Antenna cavity &

Figure 5.6 Illustration of how the excluded mesh is isolated from the other regions.

By meshing the volume in this way it is obvious that the properties of the mesh, as a
whole, depend directly on those of the OC block. The orthogonality of the block is
critical as any distortions will be reflected in the rest of the mesh. Another
consequence of constructing the mesh in this way is that it will leave discontinuities in
the area of mesh either side of the Cartesian regions. This occurs where the spherical,
inter-unit mesh interfaces with the Cartesian grid. To deal with this problem these
regions will be excluded from the simulation (see Figure 5.6). The Cartesian sections
of mesh are isolated from the excluded regions by the metal cavity used to back the
antennas. The curved boundary between the excluded mesh and the spherical mesh

(including the top surface of the OC block that does not interface with the Cartesian
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section) is dealt with using a 1% order Mur ABC (referred to as the interior Mur
boundary) that acts as an absorber completely cutting off the mesh above it from the
rest of the simulation. As the region behind the interior Mur boundary would be
treated as free space anyway this is a valid model. Holes are left in absorbing Mur
boundary through which, the front face of the antennas protrudes into the breast
phantom. For an in depth description of the implementation of the interior Mur

boundary, see Section 5.5.3.

5.3 Non-Orthogonal FDTD

The volume that links the Cartesian mesh used to model the antenna and the spherical
mesh used to model the breast region will be discretised using a section of curvilinear
mesh. Applying meshes with generalized co-ordinates to FDTD was first investigated
by Holland [1] in 1983 and developed further by Fusco [15] and Lee et al. [3] in the
early nineties. The magnetic and electrical field components in such meshes are
represented using two different, local co-ordinate systems. In this section these
generalized co-ordinate systems are introduced and their application to the FDTD

technique is discussed for orthogonal and non-orthogonal meshes.

5.3.1 Generalized co-ordinate Systems

@ (b) o w

Figure 5.7 (a) Unitary covariant vectors for a non-orthogonal co-ordinate systein and

(b) contravariant unitary vectors for the same co-ordinate system [1]
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At a point P, a curvilinear co-ordinate System (', v, v*) may be characterised by its
covariant vectors a; (see Figure 5.7 (a)) orientated along the tangent to the co-ordinate
system at point P. Equivalently it may be characterised by its contravariant vectors a’

(see Figure 5.7 (b)), which are normals to surfaces of constant v

These co-ordinate systems can be applied to a curvilinear FDTD mesh by setting the
covariant vectors along the cell edges and setting the lengths of these vectors to the
dimensions of the cell. This results in a set of in a set of normal basis vectors A; (i =1,
2, 3 for the 3D case). The equivalent contravariant basis vectors Al are defined by the

relationship;

___Aj.xA,c

Ve

Ai

(). k=1,2,3) (5.1)

Where g is the determinant of the metric tensor g; = A, + A and+/g is the volume of

the mesh cell spanned by A;, A; and Ay. The covariant (A;) and contravariant

component (Aj) are related by the metric tensor gj;

A =g,A (5.2)

In addition it should be noted that the dual bases A’ and the original bases A, satisfy

the reciprocal relationship:
A'-A; =0, (5.3)

Where g, is the Krondecker delta. Using these local coordinates the total electric field

vector E can be expressed in terms of either of the two bases as:

E=)E'A,

5.4
E=) A'E, G
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where E, and E'are the co- and contravariant electric field components of E. The

same principle may be applied to the magnetic field vector H, as well as the electric

and magnetic flux density D and B.

5.3.2 The Staggered Mesh

As in the original FDTD scheme developed by Yee [29] the electric and magnetic
fluxes in non-orthogonal FDTD are discretized over staggered computational grids
formed by a primary grid and its dual grid. These staggered meshes are made
polyhedrons, which can be seen in Figure 5.8. The dual mesh is formed by connecting
the centres of adjacent cells in the original mesh to form the edges of the new cells. In
this way the corners of the new dual grid cells are located at the centre of the primary

cells [30].

Dual cell

- Edge vector Diis1 Hygirkin)
=3 'ace normal |

@ §+1, k+1)
Exei1

O
G,3. %)

Primary cell

Figure 5.8 The discrete electric and magnetic field components on generalized non-

orthogonal FDTD cells [30]
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Figure 5.8 shows the location of the variousE,, H;, D'and B’ field components in
relation cells of the staggered mesh. The position of the field components is given

using logical co-ordinates. This system indicates the location of the E;, and B’ field

components relative to the base node (i, j, k) of the primary cell. For example the

electric field component E,,,,, is associated with the node shifted by one coordinate in
the logical i-direction, relative to the E, field component. If there is no shift, no logical

subscript is included. The H; and D’ components are labelled in a similar manner, but

relative to the base node of the dual cell.

*— D(’ 1j-1) Corhponent

Figure 5.9 The 3D staggered grid and field components associated with the
calculation of E; from the adjacent covariant H; values. This figure uses the field

notation introduced in Figure 5.8
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Physically the covariant E; field components in Figure 5.8 can be interpreted as the
flow of electric field along the edges of the primary cell, whereas the contravariant
components D', which are normal to the faces of the dual cell, represent the electric
flux through that face. Similarly the H; components represent the magnetic fields
along the edges of dual cell and the B components, the magﬁetic flux through the
faces of the primary cell [5].

5.3.3 Maxwell’s Curl Equations

Figure 5.9 focuses in on the area of Figure 5.8 around E;. Let us examine this
covariant field component more closely and derive its associated FDTD upd‘ate

equations. The surface Q is the face of a dual grid cells located half way up the E;

component, the Electric flux through Q is the contravariant field componentD;,, .

Around the border of the surface are the four covariant magnetic field components

that together describe the magnetic fields on the closed boundary around Q.

The source-free Integral form of Amperes law, for isotropic media is;

—a-jD-dA = {H-dl | (5.5)
atQ a0

The left hand side of this equation represents the rate of change of electric flux with
time through a surface Q. The right hand side represents the circulation of the
magnetic fields around the boundary edge (6Q) of Q. Let us apply this equation to
the descretized fields in Figure 5.9.

Because the area of Q is arbitrarily small the right side of equation 5.5 reduces to
oD/ &t or the change of the electric flux with time, which in terms of the descretized

field components can be written as;
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3 (n+1) 3 (n)
_6_ D.dd = D(i—l,j—l) " —D(i—l,j—l) ?
ot 5 ‘ At

(5.6)

Where n and n+1 indicate the electric flux values before and after the discrete time
interval At . The rotation of the magnetic field around the boundary of Q can be found
by summing the magnetic field components with clockwise as the negative direction

(the right hand rule);

(n) (5.7)

n)
+Hy

(my _ ( (n)
C_{H dl = Hl(i—l,j—l) Hl(j—l) Y- Hz(i-l)
Q

Setting equations 5.6 and 5.7 equal and rearranging gives the FDTD update equation

for the D}, ,_,,| " field component;

D} Q)

(n+1) _ 13
G-ty =D

(i-1,j-1)

- Hl(j—l)

)
“ 4+ At (Hy o

@ Hz(i—l)

- (5.8)

()
+Hyi, 50

A similar update equation can be derived for the contravariant magnetic flux field

(n+l) ,
’

component B,

(n+1) = B3 (n)

3
B(k+l) (k+1)

+1)
e 4 At LE ey

] (59)

(n) (n)
- El( J+Lk+1) + E2(k+l) - EZ(i+1.k+1)

These update equations are very similar to those for conventional FDTD [29]. The

main difference being that the now covariantE,, H; components are transformed into

the contravariant field flux quantites D'andB’'. Summarising for all field

components, in matrix form the above equations become [30];

~Llb=Ce and -Ld=Ch (5.10)
At At
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where the vectors e =(E,),h=(E;),b=(B')andd = (D’) are built from covariant
and contravariant field components. If NV is the number of vertices in the NO mesh

then the length of these vectors is equal to 3N. The vectors Cand C, are known as
the ‘topological curl matrices’ of the primary and dual grids and contain the sign
factors of the right hand sides of equations 5.8 and 5.9.

5.3.4 The Material Equations

To complete the system of update equations an additional step is required to convert
the contravariant field flux vectors into the corresponding covariant voltage vectors

and to include the effect of the cell material properties. This process will be illustrated

once again by examining the E, field component in Figure 5.9.

5.3.4.1 Orthogonal Meshes

If the mesh is orthogonal then the two vectors will be collinear and the conversion can

be done on a one to one basis. As already noted, the contravariant electric component
D?,._L ;1 Tepresents the electric flux through the face of the dual mesh cell (Q). From
Maxwell the electric field and flux are related by the permittivity (D = gE ) while the
area of () is proportional to \/—g—A3. Thus the relationship between the contravariant

electric field component E? and electric flux is given by [4], [5];

Di.y oy = (€E)- (\/EA3)

=J§8E3

(5.11)

From equation 5.2 we know that E* and E, are related by the metric tensor gss.

Combining this relationship with equation 5.2 and rearranging to make E’ the subject

gives the material update equation for E,;
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3
g 33D(,—1 =1

Jze

E’= (5.12)

Once again similar equations can be derived for the other covariant field coinponents

resulting in a set of material equations that in general matrix form can be written as;

e=M,d and h=M,b (5.13)

where the ‘M’ terms are N by N dimensioned diagonal matrices, their terms having
the form g, /JE&'[S]. In combination, the computational memory and time costs

required to perform the two steps in equations 5.10 and 5.13 are similar to those for
the update equations in standard FDTD. This means that orthogonal FDTD
formulated in generalized co-ordinates is just as computationally efficient as standard

FDTD, albeit with slightly extended initialisation times.

5.3.4.2 Non-Orthogonal Meshes

In the case of a non-orthogonal mesh, E* and E,are not collinear and so contributions

from all three contravariant fields must be considered. As the E and E! contravariant

components are not available at the same location in the grid as the E* and E, vectors

an interpolation scheme must be employed. Holland [1] developed a simple scheme
that averages neighbouring field components, however this approach has been found
to cause numerical stability problems [5]. Schuman et al developed an alternative,

more complex interpolation scheme in which the E, field component is calculated as;

A A, t Ay- Al(k+1)
E’= JE e D(r—l D { J—gl Dty + = — ‘/—8 D
A, A, A cAy A A
i Rkt (o T D},_, gt =2 D D},_1 J-Lk-1) +—3__—2-D(2i—1.k—1) (5.14)
_\/ig—g -\/-—8 .\/-é'—ﬁ‘

A3 i A2(k+1) 2 Aa 3 TGtk Az( j-1) D2

A,
\/Eé‘ -n T \/—8 D(:-l sy t—F—" \/»6‘ (i-1,j-1 k—l)}
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where \/E must be calculated from using the local unit vector associated with that

component i.e. in

A Ay
=D (5.15)
Jes

g must be calculated using A and Ay, . In this way, similar material equations

may be derived for the other covariant field components to produce a material matrix
with the same dimensions as that for the orthogonal case, but with eight off-diagonal
components. Storing these extra terms and performing the extra calculations in
equation 5.14 is the cause of the increased computer complexity a;sociated with NO

FDTD.

5.3.5 Mesh Angles

The angles that the A; vectors make with the surface over which the associated
D' components are calculated (in the case of Figure 5.9 the angle E; makes with Q)
are a good measure of the orthogonality of a mesh. As such it will be used to assess

the quality of the meshes presented later in this chapter.

5.4 3D Orthogonal Mesh Generation

The method used in the construction of the 3D orthogonal mesh is based on finding
specific “field-lines” or paths of steepest descent/ascent in a three dimensional
potential field. Potential fields are useful in investigating physical problems and are
important in many applications, notably electromagnetism, astronomy, and fluid
dynamics. The static electrical field between two differently chargéd metal plates

being a good example.
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Field line

Field line orthogonal
to isopotential

Figure 5.10 The isopotentials and field lines in a potential field

This technique produces an OC grid by exploiting the fact that the iso-potentials and
field-lines of a potential field are orthogonal (Figure 5.10). To do this, a potential field
is found whose form is representative of the desired mesh. The structure of the field is
defined by applying an appropriate set of boundary conditions within a Laplace
solver. The starting locations for streamlines are on one of the boundaries of the
potential field, their positions defined by a pre-determined 2D “reference-mesh”
which in turn is based on the section of mesh that interfaces with the boundary. From

these starting locations the field-lines are followed through the field.

The mesh is created by positioning nodes along the length of the streamline
corresponding to certain potentials. The selection of these potentials dictates the
spacing between the nodes and so the planes in the mesh. Assuming that the
reference-mesh is orthogonal, the nature of the potential field will ensure the

orthogonality of the resulting curvilinear mesh.
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5.4.1 Defining the Potential Field — Laplace Equation

A potential field is one that satisfies the Laplace equation. The equation states that the
sum of the second partial derivatives (the Laplace operator, or Laplacian) of an

unknown potential ¢ is zero [31];

2 2 2
a§+af+af=0 (5.16)
ox° oy oz

It can apply to functions of two or three variables, and can be written in terms of a
differential operator as A¢ = 0, where A is known as the Laplace operator. In order to
~ solve Laplace’s equation and so define the potential distribution,v we must find the
unique function who’s derivatives satisfy A¢ = 0, and simultaneously ‘satisfy the
boundary conditions that define the physical problem. There are many elegant
analytical solutions to Laplace’s equation in special geometries but generally real
problems are solved numerically. There are two common approaches to finding a

numerical solution:

5.4.1.1 Finite Element Methods

Finite element methods divide the prbblem of interest into a mesh of geometric shapes
called finite elements. The potential within an element is described by a function that
depends on its values at the cell corners and parameters defining the state of the
element. A problem is solved by assembling a number of cells together such that they
represent the volume to be solved. A total energy associated with the mesh
configuration is found as part of the calculation and this is minimised by adjusting the
parameters specifying the elements. The solution can be refined by subdividing the
regions of the mesh that contribute most to the total “energy” of the solution. General

purpose programmes to perform these calculations are fairly complicated.
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5.4.1.2 Finite Difference Methods

Finite-difference methods are used to solve Laplace’s equation by superimposing a
regular grid on the region of interest and approximating Laplace’s equation at each
grid-point. The resulting system of equations is solved by iteration. The method is
extremely easy to program. Let us start by considering a three-dimensional grid of
points each separated by a distance A from its six nearest neighbours and the potential
at a position (x,y,z) is &(xy.z). Then the potential at the positions either side of this

location along the x direction are given by:

f(x+h,y,2)=é’(x,y,2)+ha§ yeiid 625 S LR ‘;35 Oy (5.17)
= h,yr2)= (%, y,2) hgf lhzgf 1h3(;§+0(h“) (5.18)

Adding these potentials together eliminates the 1* and 3" order terms to give;

Elr=h3,2)+ £+ b3, 2)= £ 3,2) + 12 25 7 <+ 0(H*) (5.19)

Adding this result to the equivalent equations in the y and z directions and neglecting

any terms that are 4™ order or above gives;

£(x,y,2)= (=, y,2)+ E(x + B, 2)+ £(x,y — h,2) + £(x, y + B 2)

+§(x,y,z-—h)+ ¢’(x,y,z+h)} (5:20)
Where the second order terms have been eliminated as the addition of these terms
results in zero due to Laplace’s equation (equation 5.16).From this relationship it can
be seen that the potential at a grid point is simply the average potential of its nearest
neighbours. To find the solution, the node values at the boundaries must be fixed

according to the boundary conditions of the problem and the potentials are iterated
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until the potentials at successive iterations agree to within a set limit. This method is

easy to program and as such will be implemented here [32] [31].

5.4.2 Implementation of the Numerical Laplace Solver

25mm (793 nodes)

2

‘ Lalace olvr volume

7.25mm (206 nodes)

Figure 5.11 The Laplace solver domain and the position of the mesh volume within it.

The no of nodes per dimension corresponds to a node spacing of 0.35mm.

To construct the OC mesh a descritized domain is defined on which the Laplace
solver will operate (Figure 5.11). This has the form of a regularly spaced grid with
dimensions of 25%25x7.25mm. The OC volume is defined within this volume using
an appropriate set of boundary conditions. The size of the Laplace volume has been
chosen to be only slightly larger than the OC mesh minimising the number of nodes

and so runtime of the Laplace solver.

5.4.2.1 Defining the Boundary Conditions for the Mesh Volume

The potential field found using the Laplace solver is defined by the boundary
conditions enforced within the solution volume. The field-lines will trace a path
through space that links regions with different potentials, so for example, if one

boundary is set to have a potential of 1 and another zero, the field lines will traverse
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between them. In the problem in question an OC mesh is required that links the
known Cartesian mesh of the antenna to the arbitrary but spherical mesh of the
phantom. The Cartesian mesh interfaces with the OC mesh on the z+ boundary while

the spherical mesh interfaces on the z- boundary (see Figure 5.3 and Figure 5.5).

Cartesian Mesh Region
Z+ Boundary

Path Taken b
é‘\ Potential Set to Zero st?eamali:ens 4
N
X- Boundary ;
Re X+ Boundary
Neun&an ggundaw ‘ gion to be Meshed Neuman Boundary
ondition Condition
Ve B Potential Set to One

Z- Boundary
‘ Spherical Mesh Region
X
Figure 5.12 The boundary conditions for the Laplace solver volume in the X-Z plane

using the Cartesian coordinate system of the antenna mesh as a reference.

The z- boundary of the volume to be meshed, is part of the surface of a sphere 95mm
in radius, that has angular dimensions of 14.07° in both the ¢ and 6 directions. It is
this curved surface that will allow the OC mesh to interface with the spherical mesh
below. The z+ boundary has the same angular dimensions but part of a sphere that has
a diameter of 100mm the central region of which has been flattened to create a
circular surface 20.5mm in diameter (see Figure 5.4 and Figure 5.5). The flattened
region allows the OC mesh to interface with the Cartesian mesh of the antenna. The x
and y boundaries are flat angled surfaces that join the z boundaries. These interface
with the spherical mesh in the ¢ and @ directions. The x and y boundaries will be

discussed in the next section.

The starting location of the field-lines will be on the z+ boundary, as the structure of
the Cartesian mesh, that interfaces with this boundary, is dictated by the geometry of

the antenna. To produce a practicable mesh the field lines must be forced to traverse
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between this and the z- boundary. This is affected by forcing all the nodes below the

z- boundary to a constant potential of 1 while those above the z+ boundary are set to

zero (see Figure 5.13).

A B

Z+ Boundary Z- Boundary
+

Laplace solver nodes with enforced node values = 4

Figure 5.13 The enforced boundary conditions at A) the Z+ boundary above which all
nodes are set to zero and B) the Z- boundary below which all nodes are set to one.

These diagrams are enlarged regions of Figure 5.12.

5.4.2.2 Neumann Boundary Condition

On the x and y boundaries a Neumann condition is imposed. The Neumann (or second
type) boundary condition is named after Carl Neumann [31]. When imposed on an
ordinary or a partial differential equation, it specifies the value that the derivative of a
solution is to take across the boundary where it is applied [32]. In this case a condition
is chosen that forces the gradient across the boundary to zero by forcing nodes
adjacent to, and outside the boundary to have the same value as those on the inside.
This ensures that a field line started at the top of the boundary will follow the radial
path of the boundary, allowing the mesh at the x and y boundaries of OC region to be

integrated with the spherical mesh that surrounds it.
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X- Boundary
+ + \[* + + +

Mesh Volume
+ o+ L+ o+ + o+

[
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[
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+ o+ +
+ o+ h +

Z
[ + o+ +
X + +

+ +
Position of the Actual position of

boundary in the solver boundary

(a) (b) Indicates that the value of node (a)is
+—+ set to that of node (b) every iteration

Figure 5.14 The Neumann boundary condition applied to the X-, X+, Y- and Y+

boundaries, exemplified at the X- boundary.

Figure 5.14 shows the X- Neumann boundary passing through a 2D region of mesh
with. It can be seen that rather than following the exact path, the boundary takes a
stepped route through the Laplace mesh. Figure 5.14 shows the two possible
situations that can occur when calculating the update for nodes along this boundary,
assuming that the y-direction nodes are not on the outside of either of the y
boundaries. Examining first node /, in this case the node is adjacent to a vertical
section of boundary. The value of node g is forced to be that of node f'in the previous

iteration and the calculation of the potential for iteration n becomes;

n-1

£y, z) = Gy 2)™ + Eet by, 2) ™ 4 £y — b,z + E(xy + by 2) (521)
+ f(x, Y,.Z2- h)”“ + (:(x’ y,z+ h)"_l}
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n-1

Note that the value for the potential & (x +h,y, z)"'1 has been replaced by & (x, V52

compared to equation 5.20. For the case of node a situated on a step in the boundary

both nodes b and e take the value of a at the previous iteration;
f(‘x’ y’ z)n = %{2§(x; y, Z)n_l + §(x + h,y, Z)n_1 -+ é(x,y — h’z)'l—l + g(x,y + h’ z)n—l (5 22)
+&(x,y,z+h)" }

For cases where the node is located next to more than one boundary a combination of

the above two cases would be implemented.

5.4.2.3 Convergence Criteria

' Once the Laplace solver has run for a sufficiently long time, the change of potential
per iteration for each node will become negligible and the solution will have
converged to the final solution. To identify when this occurs the change in average
potential value over a number of iterations is calculated. Rather than averaging over
the entire mesh volume, two planes in the centre of the volume are selected, one in the

x-z orientation and the other in the y-z orientation. For a plane of N, x N, nodes, the

average percentage potential change per node AZ at the nth iteration is calculated

using;

AE"=100>{§;§§,.JJ /(Nzigjj N,N, (5.23)

i=1 j=1 i=l Jj=I

If the value of A& is below a certain threshold, for both planes the solver has

converged and the iteration is stopped. The threshold is identified by running the
solver and both visually checking for convergence and producing simple meshes and

examining their angular composition.
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5.4.2.4 Implementation of the Solver
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Figure 5.15 The angles between nodes in orthogonal curvilinear meshes with different

mesh spacing.

A finite difference based solver has been developed and programmed in Delphi. A

flow chart of the main procedures carried out in the solver can be seen in Figure 5.16.

The spacing of the nodes in the Laplace solver mesh is one of the most important

factors when considering its implementation. On the one hand it is desirable that the

number of nodes be kept to a minimum, ensuring the computational costs of running

the Laplace solver are kept as small as possible. On the other, the spacing of the nodes

must be small enough to ensure that the potential distribution is sufficiently described

for the curvilinear mesh to be accurately constructed.
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(o)

Set Z- boundary Set Z- boundary
Zero the whole condition: all Htorao condition: all
mesh nodes below Z- nodes below Z-
boundary set to 1 boundary set to 1
Mesh and
boundary
condition
definitions
o
Set Z+ boundary
Has the Calculate SetY and X condition: all
volume Convergence Nueman boundary nodes ak 7+
gonvery planes condiions boundary set to 0
yes
v
Save potentials potentials

@

Figure 5.16 Flow chart for the Laplace solver
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The Laplace solver was run with different node spacings to find the appropriate value.
Curviiinear meshes were then constructed, with structures and cell sizes representative
of those that are required to simulate the antenna. The meshes were analysed and the
angular composition of the meshes found (see Section 5.3.5). In an ideal case the
mesh will be orthogonal and all angles will be 90°, the amount by which the angles in

the mesh deviate from this ideal is a measure of the “orthogonality” of the mesh.

Figure 5.15 shows the angular make up of two meshes, constructed using spacings of
0.035 mm and 0.05 mm. As expected the smaller spacing size produces a better
quality mesh; the number of nodes with angles of 79° - 83° is reduced by
approximately an order of magnitude when compared to the case with larger spacing.
The memory required to store the solved potentials was 1.53GB and 0.85GB
respectively. In fact the memory requirements of running the solver were such that a
spacing of 0.035 mm was the smallest possible that could be run with the computer
facilities available. The solution domain used to produce the OC mesh, with this node
spacing, can be seen in Figure 5.11. The solver mesh is made up of is made up of
793x793x206 or 129,542,894 nodes in total. |

5.4.3 Mesh Generation

Figure 5.18 shows a flow chart of the computer program used to construct the
orthogonal curvilinear mesh. These processes can be grouped into three main

categories;

1. Finding the starting positions of the field lines on the z+ boundary of the mesh
volume based on the Cartesian mesh used to model the antenna.

2. Calculation of the gradient of the potential field at a point in the mesh volume
and using this to follow the field-lines.

3. Calculating the potentials at which the nodes need to be positioned in order to
get the required spacing in the z-direction and using this information to

position of the nodes.
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5.4.3.1 Field-Line Starting Positions

The first step in building the mesh is the construction of a single 3D plane of
reference points that maps the starting locations of the field-lines onto the z+
boundary of the mesh volume. The surface that makes up this boundary is complex
and takes the form of a solid angle of a sphere with a circular flattened region in its
centre, as illustrated in Figure 5.17. This shape allows the geometric integration of the
flat Cartesian mesh with the overall spherical structure of the problem, but means that

production of the reference mesh is a non-trivial task.

Circular Flattened Area

Spherical Surface

Figure 5.17 The 3D surface that makes up the Z+ boundary of the mesh volume (not

to scale — Z axis has been stretched to emphasise the shape)

The degree of orthogonallity of the reference mesh is critical, as it will dictate the
quality of the OC mesh. In the flattened section of the surface, the placement of the
reference points is simply dictated by the positions of the nodes in the Cartesian
antenna mesh. The difficulty arises when trying to integrate this with the mesh on the
spherical surface. There is no way to do this perfectly so some degree of non-

orthogonallity must be accepted.
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Figure 5.18 Flow chart of the processes involved in the construction of the orthogonal

mesh.

- 188 -



Chapter 5 FDTD Simulation Using an Orthogonal Hybrid Mesh

The method used to produce the reference-mesh assumes that there will only be a
slight deformation of the grid at the interface between the flattened and spherical
surfaces, as the size of the flattened section is so much smaller than the sphere on
which it is located. In addition any distortions in the curvilinear mesh that result from
this discontinuity will be located away from the face antenna and the intense fields

around the slot.

Tas e :a o = o & ) ) [ ® = @ [ I i )
Spherlcal Surface ] e Reference node
& @ L] © o @ & ® 8 & L ] ®
2 g _____ ® Slave node
) e, &

@ ® ® e t @ &

¢ e o o @ a"; & e
X Referepce axis

uator of spherical co-ordinate system
. 0 ¢ o a e e

B * TFlattened *
s % o & Surface o

..............

Figure 5.19 Positioning nodes in the reference mesh (view of the Z+ boundary of the

mesh volume from above the XY plane)

To construct the mesh, two lines of reference nodes are built outwards from the centre
of the flattened surface, one in the x (logical i) and one in the y (logical ;) direction
(see Figure 5.19). The lines are constructed in a step by step fashion similar to that
described in Section 5.2.1. Each node’s position is based on that of the previous node,

while their spacing is the same as in the x-y planes of the Cartesian antenna mesh. The
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transition from the flattened to the spherical surface; e.g. positioning node B based on
the position of node 4 (Figure 5.19), is handled by translating the Cartesian spacing to
an angular shift that results in the same spacing between nodes, across the curved

surface of the spherical section.

Based on the position of the reference nodes, the rest of the nodes are positioned from
the centre out. Nodes on the flattened surface are placed using the Cartesian
coordinates of the two closest nodes; for example node C in Figure 5.19 is positioned
using the Cartesian x-coordinate of node 1 and the y-coordinate of node 2. In the
spherical region a spherical co-ordinate system is used to position the nodes. It is
orientated so that mesh sits astride its equator, which coincides with the x-reference
line. The nodes on the spherical surface are positioned in a similar manner to those on
the flattened surface, using the two closest nodes; for example node D in Figure 5.19

is positioned using the ¢ co-ordinate of node 3 and the € co-ordinate of node 4.

Node 1,0,1 Node

W

Node 0,0,1 S

D

7 :"\ Node 1,1,0

£
Node 1,1,0

X Base node
Node 0,1,0
(Node 0,0,0) ode

Figure 5.20 Pointer located within 8 closest nodes in the Laplace mesh.

It should be noted that the position of the surface astride the equator of the spherical
coordinate system has been chosen specifically to make the construction of the mesh
possible. The positioning of the equator along the x-reference line means that the y-
orientated mesh lines enter and exit the flattened region at positions with the same y

and ¢ — coordinates either side of the equator. This means that the Cartesian and
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spherical co-ordinate systems coincide at the boundary of the two regions allowing

the integration of the meshes with minimal distortion.

5.4.3.2 Finding the Gradients and Following the Field Lines

Once the reference mesh has been constructed, the field-lines can be found. To follow
them through the volume a ‘pointcr’ is located at one of the start points dictated by the
reference mesh. The gradient is calculated at that point and a small step is taken

through the volume based on that gradient. The gradients & of the field in the x, y and

z directions at the logical node position (i, j, k) are simply calculated by:

E.G, j k) = EG +1, j,k) = £G =1, 1, k)
&G, j k) = EG, j+1,k) - G, j - Lk) (5.24)
E,G, k)= &G, jk+1) = £3, j,k~1)

As it is unlikely that the pointer will be located directly on a node, the gradient must
be found using the gradients at the surrounding nodes. First we must identify the eight
nodes that form the cube in which the pointer is located (see Figure 5.20). This is
done by identifying and then ﬁnding the distance R to the “base node” (the node
closest to the origin). T he distance to the other nodes in the cube can be calculated
based on the value of R. Normalised to the length of the side of the cube, these

distances are used as weighting factors to calculate the gradient at the pointer position.

The x-direction gradient at the location of the pointer (&7

) is calculated by;

N »

EPOINTER _ o] ) (5.25)

|

where N is the number of nodes (in the case seen in Figure 5.20 N = 8) and w"is the

weighting factor associated with node n which is calculated by;
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R MAX

MAX n 2
w' = {R—RJ (5.26)

where R is the maximum possible distance from a node to the pointer, normalised

to the length of the cubes sides. For the case of the eight nodes seen in Figure 5.20

RM¥=/2 . R" is the normalised distance from the pointer position to node n. The

gradients in the y and z directions are calculated in a similar fashion.

Once the gradients are calculated the movement of the pointer in the x, y, and z
directions is found by multiplying each of the gradients by a pre-determined factor
that is a fraction of the size of one of the Laplace cells. The pointer is then moved and

the process repeated.

5.4.3.3 Optimising the Number of Nodes used in the Gradient Calculation

64 Nodes

=

> -

Pnd e

.;l
L~ |
B

Figure 5.21 formations of Laplace mesh nodes used to calculate the gradients at the

pointer position.

To identify the optimum number and layout of nodes used in the calculation of the
gradients, three different arrangements were used. The first contains 8 nodes and can

be seen in Figure 5.20. The second arrangement contains 32 nodes and can be seen in
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Figure 5.21. This arrangement uses two planes of 16 nodes located above and below
the location of the pointer. The third arrangement consists of a cube containing 64
nodes with the original 8 located at the centre. The location of the original 8 nodes in

the both these lattices can be seen in Figure 5.21.
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Figure 5.22 Angles between nodes in meshes created using 8, 32 and 64 nodes to
calculate the gradients and potentials at the position of the pointer. The meshes

created were typical of those used to simulate the antenna.

To find which arrangement of nodes produced the best quality mesh, curvilinear
meshes were constructed based on those that will be used to model the antenna. The
interior angles were calculated for each mesh (in the same way as for Figure 5.15) and
can be seen in Figure 5.22. This data shows that the best quality mesh is produced
using the 32 node scheme. The maximum deviation from the orthogonal in this is only
10 degrees while deviations of up to 15 and 16 degrees are present in the meshes

produced using the 8 and 64 node schemes.
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5.4.3.4 Positioning Nodes and Calculating Node Potentials

Nodes are positioned in the logical ‘&’ direction by locating them at predetermined
potentials along the field-lines. These are calculated based on the required location
and spacing of the 7,j planes. To find the node potentials, a line is drawn between the
z+ and z- boundaries, in the middle of the mesh volume. The required k-direction node
. spacings are worked out along this line and converted to potential values by directly
mapping the geometrical positions to the corresponding potentials. As a result the first
node, which will be located on the Z+ boundary, will have a potential of zero, a node
at the centre of the line will have a potential of 0.5 and the node at the bottom, on the

Z- boundary, will be located at a potential value of one.

5.4.4 Summary: The Optimised Laplace 3D Mesh Generator

A Laplace based, orthogonal mesh generator has been presented and optimised to
produce an orthogonal mesh that can potentially be used as the basis of a mesh to
model a section of the wide-slot antenna afray (Figure 5.2). The Laplace solver and
the mesh generation algorithm have been “tuned” to produce a mesh that is as
orthogonal as possible. The Laplace solver was found to produce the highest quality
mesh when a node spacing of 0.035 was used, while the mesh generation algorithm
performed best when the potential gradient was calculated when referencing 32 nodes
from the Laplace mesh. Using these parameters the mesh generator will be used to

create a mesh to model part of the imaging array.

5.5 ‘Simulation of Two Antennas at 45°

The following section presents a number of meshes that have been produced by
referencing an OC block, constructed using the Laplace mesh generator described
above. To build the OC grid the 2D, logical i-j, reference grid and spacing of mesh
planes in the in the k-direction are based on the Cartesian mesh used to model the

wide-slot antenna in Section 4.3. Using the technique outlined in Section 5.2.1, this
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mesh will be used as a template and extended to produce a mesh-unit. The spacing of
the planes in the mesh-unit is, once again, referenced from the Cartesian model of the

wide-slot.

Further expansion of the mesh is used to connect two mesh-units together to create a
model capable of simulating two antennas angled at 45 degrees to one-another. Using
this mesh a number of numerical experiments have been conducted. The resulting S-
parameters, antenna near field and response from a dielectric target located in the
phantom, will be used to gauge the quality of the mesh and ultimately its ability to
accurately model the array. The performance of the curvilinear simulation will be
compared to measured results and equivalent simulations run using Cartesian based

FDTD.

551 The OC Mesh

The manufactured OC mesh can be seen in Figure 5.23 and Figure 5.24. The mesh is
made up of 62 x 55 x 10 (i x j x k) nodes (34100 in total). The largest cell size in the
grid is Imm while the smallest is 0.095mm. On visual inspection of the mesh there
seems to be no obvious signs of distortion. The angular composition of the mesh can
be seen in Figure 5.21 (labelled 32 nodes). This figure shows that the number of non-
orthogonal cells is very low, approximately 98% of the angles in the mesh lying
between 90° and 89° and 99.9% above 86°. In the worst case there are around 10
angles that fall between 89°-90°, The worst deformation of the mesh occurs in the
lower k planes of the mesh and is probably due to the accumulation of errors as the
field lines trace down through the Laplace volume. The magnitude of these errors is
the same for all the cells regardless of their size. As a result it is inevitable that the

smallest cells will show the greatest deviation from orthogonal.

The mesh-unit produced using the OC grid can be seen in Figure 5.25. The logical
dimensions of this mesh are 62 x 55 x 83 nodes (283030 in total). Comparing this to

the mesh shown in Figure 5.5, it can be seen that this mesh does not extend down to
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the centre of the spherical co-ordinate system. Instead the radial dimension of the
spherical mesh has been limited to between 50 and 100mm. The reason for this is to
keep the mesh as small and efficient as possible, avoid complications associated with
the singularity at the centre of the spherical co-ordinate system and to avoid very

small cell sizes that would affect an impracticably small time step.
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Figure 5.23 A three-dimensional projection showing the top (z+) surface of the OC

mesh.

The angular composition of the mesh-unit can be seen in Figure 5.26. As the
orthogonallity of the Cartesian mesh region can be guaranteed, this figure only
includes the mesh contained in the OC block and spherical mesh. The quality of the
mesh-unit is slightly poorer than the OC block. Though, the number of non-
orthogonal cells is still low; approximately 94% of the angles in the mesh lying
between 90° and 89° and 99.4% above 86°. The reason for this slight increase in the

variation of mesh angles, is most likely due to the spherical mesh section referencing
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the z- surface of the OC grid. As already noted it is this region of the mesh that is least

orthogonal and so these errors are reproduced in the k-planes of the spherical mesh.

I
11

.

muNes

=1

Figure 5.25 A three dimensional projection of the mesh-unit with the spherical

(green), OC (orange) and Cartesian/excluded (yellow) mesh regions highlighted.
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Figure 5.26 The angular composition of the mesh unit.

5.5.2 Two Antenna Mesh

The mesh-unit is used as a basis to construct a grid that models two wide-slot
antennas at an angle of 45° to one another (Figure 5.27). The two mesh-units used in
its construction have been connected by a region of spherical mesh that covers an
angle of 30.93° with planes spaced 0.57° in the ¢-direction. The » and 6 co-ordinates
of this inter-unit region are referenced from the j-k plane on the ¢+ boundary of mesh-
unit 1. Finally the two antenna mesh has been extended by 5 cells in the +/- 6 and ¢
directions, using the same angular spacing as the inter-unit grid. This was done to
ensure the 6 and ¢ boundaries were sufficiently far from the antennas. The logical
dimensions of this mesh are 183x65%84 nodes (999180 in total). Figure 5.27 shows a
cross-section through this mesh highlighting various regions and showing the location

of the mesh-units.

Figure 5.27 also shows the mesh discontinuity alluded to in Section 5.2.2. This
deformity is a result of the mesh-plane geometry, referenced in the construction of the

inter-unit grid. This grid can be accurately constructed up to the »+ boundary of the
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OC mesh, because the nodes of the reference plane are part of a spheﬁcal based mesh.
Above this point the Cartesian grid of the antenna is sampled, producing a mesh that
doesn’t correspond to the spherical grid below. This manifests itself most obviously
as the defect at the interface between the inter-unit grid and the second mesh-unit seen
in Figure 5.27. More significantly it results in a plane of non-orthogonal cells at the
Cartesian/spherical boundary of the inter-unit mesh that must be isolated from the rest

of the simulation.

5,5.3 Two Antenna Simulation

The basic setup of the orthogonal curvilinear simulation is the same as for the
Cartesian model in Section 4.3. The antennas have the same structure and the same
numerical phantom is used (g,=9). The main difference is in the application of the Mur
ABC. While the +/- ¢ and 6 boundaries are flat, on the +/- r boundaries the Mur
ABC is implemented on a curved surface reducing its effectiveness. From experience
it was found that the ~+ boundary performed sufficiently well, probably because it’s
radius of curvature is large and the antennas are not radiating directly toward it. On
the r- boundary the radius of curvature is twice as great reducing the ABC’s
effectiveness to the extent that reflections from the boundary were affecting results.
This problem was overcome by inserting a 20 cell thick, absorbing, lossy layer along
the 7- boundary. This was designed in an iterative manner, optimally made up of 4
layers of dielectric, each 5 cells thick with conductivities of 1.6 S/m closest to the

boundary, 0.8, 0.4 and 0.2 S/m in the final outer layer.

The r+, or Interior absorber, also has the function of isolating the non-orthogonal grid
and the mesh deformity (Figure 5.27) from the rest of the workspace. To avoid
numerical instability the edges of the Mur ABC must be terrﬁinated with another
orthogonal Mur ABC or an orthogonal metal surface extending more than two cells
beyond the Mur boundary. For this reason, to correctly terminate the Mur bouhdary at
the antenna holes, the cavities of the antenna protrude through the interior boundary
by 0.5mm (2 cells). '
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Figure 5.27 The i-k plane of the two-antenna mesh at j = 30 with the spherical (green),
OC (orange) and Cartesian/excluded (yellow) mesh regions highlighted. The

uncoloured regions represent the mesh excluded from the simulation.
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Figure 5.28 The y-direction electric field radiating from a virtual “point-source” after
(a) 226 ps (2000 iterations) and (b) 452 ps (4000 iterations). Data shown from the i-k
plane at j = 38 (mid-plane of the simulation). Figure (a) shows the two measurement

points used in Figure 5.29
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5.5.4 Point Source Excitation

To visually judge the quality of the mesh, a simulation was run with a virtual point
source located in the spherical section. The antennas and their associated holes in the
Mur boundary were omitted, leaving only the mesh and boundary conditions to affect
the fields. The point source was implemented by exciting an electric field along the y-
orientated edge of a single mesh cell, located at the logical midpoint of the spherical

mesh region.
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Figure 5.29 The y-direction E-field at the measurement points indicated in Figure 5.28

Figure 5.28 shows the resulting y-direction field component after 226 and 452 ps. In
both cases the propagation through the volume is regular and undistorted. After 226
ps the excitation pulse is concentrated in the inter unit-mesh and hasn’t yet reached
the boundaries so up to this point the mesh is the only thing that has acted on the
fields. As there are no obvious problems we can conclude that, in this region, the

model is able to accurately propagate the radiated fields. At 452ps the field has begun
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to interact with the ABCs and the position of the interior Mur boundary can be clearly
seen. As there are no significant reflections or distortion of the fields it can be
concluded that the boundary conditions are relatively effective. It should be noted that
towards the 7- boundary the intensity of the field drops off. This is because the field is

attenuated by the conductive absorbing layer.

Figure 5.29 shows the y-direction E-field at two points in the simulation workspace.
The points are equidistant from the source and so the radiated pulses should arrive
simultaneously (see Figure 5.28 for their position). The plots show that the pulse
reaches both points at the same time and both pulses have the same form. Towards the
end of the pulses there are slight differences as spurious reflections interact with the
signals, most likely due to reflections from the boundaries. As the points are located at
what would be the boresight of the antennas, the radiated waves must pass through
some of the most non-orthogonal mesh to reach them. So, the level of similarity

between the plots indicates that the mesh and simulation are working reasonably well.

These results show that the mesh is able to propagate the radiated signals to a
reasonable degree of accuracy and the boundary conditions are operating reasonably
effectively. This experiment also shows that there are no major sources of numerical

noise or spurious signals that result from the mesh.

5.5.5 Reflection Coefficient

Figure 5.30 shows the S;; for the antennas in the curvilinear simulation (the response
of both antennas was identical) and the same response from a Cartesian simulation
with a similar sized mesh and the same number of nodes. The -10dB bandwidths are
in close agreement at 4.2 (4.3 - 8.5GHz) and 4.55 GHz (4.2 - 8.7SGHz) respectively.
In terms of their shape the responses have approximately the same form with no
significant variation between the two plots above -13dB. The main differences
between the plots are the three, well defined resonances at 4.6, 5.4 and 7.3GHz in the

standard response. While these may be visually significant, numerically they represent
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maximum differences of only 4% of the maximum reflected signal. The cause of these
variations is likely down to the implementation of the resistor terminating the
microstrip feed being slightly different in the curvilinear code, but could also be due

to differences in mesh near the antenna.
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Figure 5.30 The Sy; of the antenna as found using the University of Bristol in-house

Cartesian FDTD and the Curvilinear FDTD simulation.

5.5.6 Transmission Between the Two Antennas

The transmission response between the two antennas can be seen in Figure 5.31, with
the equivalent measured results shown for comparison. The measurement was made
using the same experimental arrangement and phantom as in Section 4.6 but with the
antennas positioned in the middle of the of the measurement tank in the same
geometrical arrangement as in the simulation. The simulated results were produced
using a lossless numerical phantom (g, = 9). The frequency dependent attenuation in

the medium was accounted for post simulation in the same way as in Section 4.6

using the measured properties of the matching medium.
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These results show that the curvilinear simulation is able to reproduce the measured
result reasonably accurately. Overall, the shape and magnitude of the simulated
response is similar to the measured results and the two plots do not differ by my more
than 10 dB, except at the extreme high end of the frequency range. Differences
between the responses are most likely caused by measurement errors, such as
differences in the physical/theoretical phantom properties and manufacturing
tolerances, and errors in the simulation such as reflections from the boundaries of the
simulation domain or distortion of the radiated fields by non-orthogonal cells in the
mesh. As the variations are reasonably small it can be assumed that none of these

factors is significant compared to the overall fields in the simulation domain.
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Figure 5.31 The measured and simulated S,, between two antennas at 45°

5.5.7 Response from a Scatterer

The intended purpose of this mesh is to simulate a radar imaging array, so it is crucial
that it is able to accurately model the response from a dielectric scatterer located in the

phantom. To test this, a small inclusion is placed in the phantom, directly between the
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two antennas at a distance of 30mm from the interior Mur boundary (Figure 5.32(a)).
The scatterer occupies one mesh cell of dimensions 0.7x0.7x1mm and has a relative
permittivity of 50. This gives a contrast of 5:1 with the background medium, a ratio
typical of that between a tumour and adipose breast tissue [32]. Setup in this way the

illumination angle of the scatterer is 37.9° from bore-sight in the antenna H-plane.

(a)

Antenna 2

\ R P
37.0°T  Scatterer
\

Spherical mesh ‘ 45°

(b) — s
|
|

Antemm 1 Antenna 2

| 20.6°

604" T~_ — T
‘ =
Scatterer!

Cartesian mesh

Figure 5.32 The location of the scatterer in the (a) the curvilinear and (b) the Cartesian

simulations. These diagrams are not to scale, all dimensions are in mm.

To provide a comparison, the same scatterer is also placed in a Cartesian simulation
with a similar geometry (Figure 5.32(b)). This model consists of two antennas
position so that the distance between the central points of the antenna faces is the
same as in the curvilinear geometry. Otherwise the simulation setup is identical. The

scatterer is positioned so that the distance to the central points is the same as the
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curvilinear mesh. In this location the illumination angle of the scatterer is different

(60.4°) but the path length (Antennal — scatterer — Antenna 2) is the same in both

cases.

Single cell scatterers were chosen because it would have been difficult to produce two
identical, large scale scatterers using the spherical and Cartesian basis of the two
meshes. Any differences between the single celled targets should be negated by virtue

of the fact that they are both electrically very small.
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Figure 5.33 The frequency domain response (S, magnitude) of the scatterer at

antenna 2 with antenna 1 transmitting.

The response from the scatterer is found in the same way as in Section 4.6.6, with a
calibration signal subtracted from the response at Antenna 2. This removes any 1
order reflections from the boundaries leaving only the effects of the mesh. As a result

this experiment will allow a direct judgement of the mesh quality.
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The magnitude of the frequency domain response from the scatterer can be seen in
Figure 5.33. To compare the responses we must refer to the measured S;; data for the
wide-slot, shown in Figure 4.45. From these transfer functions we find that the
difference between the radiation intensity at 37.9° and 60.4° is between 4.5V and 5dB in
the frequency range 3-8GHz (above 8GHz the transfer function at 60° is below the
noise floor and so a sensible comparison cannot be made). Although the frequency
dependent losses were not included in these simulations the difference in radiation
intensity at different angles should still be the same. Examining the responses in
Figure 5.33 shows that the difference between the simulated responses has a pleasing
level of agreemcnt. with the measured value. Although the spacing of the two plots
varies between 0 and 7dB, for the majority of frequencies the spacing is
approximately 3-5dB in close agreement with the expected figure of 4.5-5 dB. The
errors in the responées are probably due to the curvilinear mesh 2™ order reflections

from the scatterers that cannot be removed by the calibration process.

5.5.8 Computational costs

The computational costs of running an FDTD simulation using this hybrid meshing
technique are comparable to running a problem with the standard Cartesian FDTD
algorithm with the same number of cells. This is illustrated by examining the
computer resources required to run the two simulations in the previous section (Figure
5.32), each of which contain 183%65x84 nodes. Running the simulations for 32000
iterations on a 3.2 GHz Pentium desktop PC took 6 hours 45 minutes for the hybrid

and Shrs 25min for the cartesian mesh.

The memory requirements for the meshes were 896 MB for the hybrid and 607 MB
for the Cartesian mesh. The difference between these values is due to the way the
coefficients are stored in each case. In the hybrid simulation, due to the nature of the
mesh, the majority of cells are different sizes; their update coefficients are different
and so have to be stored individually. In the cartesian simulation there are a larger

number of identical cells whose coefficients are instead stored in a catalogue fashion
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with identical cells assigned a reference. This means that for complex cases such as
this where there are many different cell sizes in the Cartesian mesh, the memory
requirements are comparable, for simpler problems however, the difference in

memory requirements maybe greater.

5.5.9 The Antenna Fields

Figure 5.34 shows the relative values of the H-plane electric field of the wide-slot
antenna, found using the curvilinear mesh and a standard Cartesian based solver. In
both cases the patterns were found by sampling the j-direction E-field at 10° intervals
between 0° and 80° from bore sight, at a distance of 30mm from the antenna. The
transfer functions were then calculated and the resulting data set examined at 3, 6 and
10GHz. Field values at 90° have not been included as the curve of the interior Mur

boundary, in the curvilinear mesh, precludes their measurement.

To reduce unwanted reflections only antenna 1 was included in these simulations. In
the curvilinear setup this meant removing antenna 2, and the associated hole in the
interior Mur boundary. The Cartesian simulation setup was based on that used to
model the antenna in Section 4.3. In this case a lossy numerical phantom (=9, ¢ =
0.2) is used that has a considerably larger volume (115%115x100 mm) than that
employed in the curvilinear model. Consequently any reflections from the boundaries
are significantly attenuated and are negligible compared to fields directly radiated by

the antenna.

The plots from the Cartesian simulation have been normalised to their maximum
value, while the plots from the curvilinear simulation have been normalised to give
the best fit with the Cartesian data. All three graphs éhow that in general the fields in
the curvilinear simulation are similar to those of the standard FDTD model. At 3GHz
the two plots vary by less than 2dB between +/- 70°. The main deviation within this
angular range is at +/-20° where the curvilinear plot peaks. This could be due to

reflections from the conductive absorber, however the location of the measurement is
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also directly below the smallest cells of the OC mesh, which could also be distorting
the radiated field. The other major deviation from the Car’;esian plot occurs at the
angular extremes. This is probably due to the close proximity of the interior Mur

boundary at this location.

Close to bore sight, the fields at 6 and 10GHz show the same irregularities as at
3GHz. For the rest of the 6GHz plot the agreement is very good, the maximum
difference being 2dB across the entire angular range. At 10GHz the agreement is
slightly worse, the curvilinear plot offset by around 2-3dB across the entire frequency
range and 7 dB at the angular extremes. The overall shape of the plots is also different
suggesting that errors in the mésh and/or reflections from the boundaries are more

significant at higher frequencies.

In summary these results imply that the curvilinear mesh models the antenna and
spherical phantom to a reasonable degree of accuracy. And though errors in the
simulation have a noticeable effect, these are small compared to the direct antenna
fields. When they do occur, these problems seem to manifest themselves more
prominently at higher frequencies. With discrepancies of no more than 2-3dB between

+/- 70° the effects seen in Figure 5.34 are still relatively minor.

5.6 Extension of the Mesh and Other Modelling Considerations

The results presented in the last section show that this meshing technique provides a
viable method for modelling a section of the University of Bristol imaging array. The
technique provides a relatively flexible way of producing orthogonal meshes that can
used in conjunction with an efficient FDTD algorithm. To produce a mesh capable of
simulating thg portion of the array in Figure 5.2, the mesh units modelling the various
antennas would be positioned in a circular pattern along the 6 direction and linked
using the inter-unit meshing technique described above. This would produce a wedge
of mesh that could then be extended in the +/- ¢ direction to simulate as much of the

spherical phantom as required.
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Figure 5.34 The E-plane electric field at (a) 3GHz, (b) 6Ghz and (¢) 10GHz found at a
radial distance of 30mm from the antenna.
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Unfortunately using the method ouflined here it would be very difficult to produce a
mesh capable of simulating the entire array. This is because of the way in which the
2D reference mesh, used to build the OC block, is positioned either side of the equator
of the spherical co-ordinate system. Although this allows the integrétion of the
resulting OC block with the spherical mesh of the phantom, it precludes the
positioning of other antennas away from this position without significant deformation
of the mesh.

5.7 Conciusion

This chapter presents a novel method of producing hybrid, d}thogonal curvilinear
meshes. The meshing procedure involves producing a volume of OC mesh that allows
Cartesian and spherical based meshes to be linked. The resulting orthogonal, hybrid
lattice can be simulated using a curvilinear-coordinate based FDTD program, with the
same efficiency as a standard Cartesian based simulation with the same number of

nodes.

The OC section of mesh is constructed using a method that exploits the orthogonal
nature of field lines and isopotentials in a potential field. A field with the same form
as the OC mesh is found, using a finite-difference based Laplace-solver. The field
structure is defined by applying appropriate boundary conditions within the Laplace
solver volume. Field lines are then followed through the field from suitable starting
points on its boundary, defined by a 2D reference mesh. The nodes of the OC grid are
positioned along the length of the field lines at potentials corresponding to the
required mesh plane spacing. The hybrid mesh is completed using the OC mesh as a
reference. Mesh-planes on the boundary of the OC-grid are sampled and replicated

using different co-ordinate systems to build up the spherical and Cartesian meshes.

This technique has been used to produce a mesh capable of simulating a section of the
UWRB radar imaging array, being developed at the University of Bristol. Initially a

mesh-unit is produced capable of simulating a single wide-slot antenna and a segment

-212-



Chapter 5 FDTD Simulation Using an Orthogonal Hybrid Mesh

- of the spherical phantom. A number of mesh units are then joined by further regions
of spherical mesh to produce the curved array. The reference mesh used in the
construction of this unit is based on the Cartesian grid used to model the wide-slot
antenna in Section 4.3. The orthogonallity of the mesh in the unit was assessed by
analysing its angular composition. This showed that the vast majority of the angles in

the grid were very close to ninety degrees, verifying the construction technique.

Results are presented from a model containing two antennas spaced by 45°, With the
antennas removed, the transmission of a pulse from a point source located in the
middle of the spherical section, shows that the mesh is able to propagate fields
without significant distortion. With the antennas included, they have a similar Sy,
response to an equivalent Cartesian simulation, verifying the antenna model and
-excitation. The coupling'between the two antennas is shown to compare favourably
with measured results. In conjunction with the point source excitation experiment, this
suggests that the simulation is able to replicate the radiated fields with a reasonable
degree of accuracy. This point is confirmed with the near field measurement that also
shows that the effects of the mesh and reflections from the boundaries are minor

compared to the direct fields radiated by the antenna

To examine the pérformance of the model in a scattering scenario, an experiment was
run to find the response from a small dielectric scatterer with a contrast of 5:1 with the
background medium. Simulations were run using both Curvilinear and Cartesian
meshes. The resulting transfer functions were compared by relating both data sets to
the measured field intensity found in Chapter 4. Because this test removes the
majority of effects from the boundaries, it allows the validity of the curvilinear mesh
to be assessed directly. The pleasing level of agreement in the analysis suggests that
the curvilinear simulation is able to replicate the effect of dielectric objects in the
spherical mesh. This confirms that the mesh is capable of modelling the intended
segment of array to a reasonable degree of accuracy and suggests, in conjunction with
the other results presented in this chapter, that this may be a useful tool in numerical

radar experiments.
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Unfortunately fundamental changes are needed for this technique to be capable of
producing a mesh that can model the entire array. At present this goal is impracticable
due to the way that the OC mesh unit is constructed at the spherical co-ordinate
system equator. However the Laplace/potential field technique of buildihg OC mesh

could still provide a basis for a revised method.
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The University‘ of Bristol is currently developing a UWB radar imaging system with the
aim of detecting early stage bréast cancer. The technology is similar to that used in
existing GPR schemes. In both these scenarios the antenna used to illuminate the target is
one of the most critical elements. To ensure that the target is illuminated with as much
energy as possible the Bristol imaging system uses a hemispherical, multistatic array that
completely surrounds the breast. The greater the numbers of antennas in’ this array the
more measurements can be taken ultimately leading to less clutter and better imaging
results. For this reason it is desirable that the antenna is as small as possible so the
maximum number can be fitted into the array. The transmission performance of the
antenna is also a determining factor of the image quality. Sign'als radiated with distortion
and frequency dispersion will cause clutter in resulting images. Ideally the antenna should
be able to radiate short, high fidelity UWB pulses over a large angular range. This thesis
focuses on producing an antenna that fulfils these criteria and then goes on to examine a

novel technique for modelling this antenna in the hemispherical array.

The vast majority of existing UWB antennas have been designed to operate in
communication systems and are optimised to operate in free space (see the literature
review Chapter 3). Chapter 3 presents a trident-fed, square monopole fit for this purpose.
This antenna was optimised to operate over the entire UWB frequency band. It has a -
10dB bandwidth of 6:1 from 1.8GHz -11GHz and maintains frequency stable radiation
patterns in the same frequency range. This performance was achieved by means of the
trident which stabilises the current distribution on the antenna forcing it to resonate in a
single mode across the majority of the UWB band. These attributes make this antenna a
good candidate for use in CDMA modulation schemes, which require antennas that are
capable of transmitting high fidelity UWB signals over a wide angular range. These
characteristics mean the many different types of antenna designed for use in such

schemes also have potential in a radar imaging system.
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6.1 The Wide-Slot Antenna

The chosen antenna design. is based on that presented by Jia-Yi Sze ef al. in [1]. This
consists of a wide-slot, excited by a microstrip fork-feed, which enhances the UWB
performance of the slot in a similar way to the trident feed of the square monopole. This
antenna was chosen because of its simplicity in terms of manufacture and simulation and
its promising UWB characteristics. The planar iD structure of the antenna lends itself to

this application and also means it can be backed with a cavity to prevent back radiation.

Chapter 3 presents the development process in which the wide slot is optimised to radiate
into a high permittivity matching medium with similar electrical properties to human
adipose breast tissue. This manual iterative procedure is performed by FDTD simulation
and includes the resizing and rescaling of the slot, fork feed and ground plane and the
introduction of a high permittivity substrate. The result is a physically compact antenna
consisting of slot with dimensions of 7x10mm, located off-centre in a 14x15mm ground

plane.

To prevent unwanted radiation from the rear of the antenna the wide-slot is backed with
an absorber lined cavity, designed to leave the performance of the antenna largely
unaffected. Integrated with the cavity is a curved coax feed that eliminates the need for an
SMA connector. With the feed and cavity the maximum dimension of this antenna is

around half that of the SMA fed, stacked patch antenna previously designed for the array.

The UWB characteristics of this antenna also show considerable promise. The measured
and simulated input response of the cavity backed antenna radiating into the matching
medium, show it has a -10dB bandwidth in excess of 6GHz with a lower cut off
'frequency of 4GHz (measured). To examine the transmission performance of the antenna
the transfer function was found at 15° intervals, between +/- 60° from boresight in the E

and H-planes. Using this data contour plots were constructed showing the variation of
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relative antenna gain with angle and frequency. These show that the antenna fields are
stable with angle and vary from the value at bore sight by less than 10dB at all
frequencies. The variation of the field with frequency has been shown to be due to the
effects of frequency dependent losses in the matching medium. A slight squint was
identified in the E-plane field that probably arises because the antenna is not symmetrical
in this plane. Locating the slot off centre and alterations to the fork feed ensure the

differences that result at angular extremes are kept to below 3dB.

The stable transmission properties of this antenna are reflected in its ability to radiate
UWB signals. Within the measured angular range it is able to radiate pulses with a
fidelity of >95% with regards to boresight. There is also little evidence of late time
ringing resulting in short pulse durations of between 0.97 and 0.8 ns. In this regard, at -
boresight the performance of the wide-slot is slightly inferior to a stacked patch antenna
previously designed for this application. Away from boresight the superiority of the slot
was marked, highlighting the importance of examing the performance of the antenna over
a range of angles. These results suggest that the wide-slot is a good candidate for use in a

radar imaging system, a fact confirmed in a simple radar detection experiment.

6.2 Modelling the Wide-Slot Antenna in a Hemisphlerical Array

The complex geometry of the University of Bristol imaging array makes it difficult to
simulate using conventional, Cartesian FDTD. Other simulation techniques such as NO-
FDTD and CPFDTD are either limited in what they can simulate or introduce
computational costs and/or complexity that make full scale simulation of the array
impracticable. Chapter 5 presents an alternative method of simulating the array that uses

a novel, orthogonal hybrid mesh capable of simulating part of the array.

The new meshingi technique breaks down the problem geometry into regions that can be

descretized using orthogonal coordinate systems. The different regions are joined using a
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sectioﬁ of purpose b‘uilt OC mesh. This provides a smooth transition between the
different regions that requires no interpolation or individual deformation of the mesh
cells. In addition because the whole mesh is orthogonal, the FDTD algorithm will run
with the same efficiency as an equivalent Cartesian FDTD simulation with the same

number of nodes.

The hybrid mesh is built by first constructing the OC grid and then using this as a
reference to produce the rest of the lattice. For this reason, the orthogonallity of the OC
section is critical as it will determine the overall quality of the hybrid mesh and so the
accuracy of the simulation. The technique used to construct the OC mesh takes advantage
of the orthogonal nature of the field lines and iso-potentials in a potential field. Using a
finite-difference Laplace solver, a potential field is produced that has the same structure
as the OC mesh. The composition of the field is determined by the choice of appropriate
boundary conditions in the solver. Field lines are traced through the field from pre-
selected points on its boundary. Nodes are saved at appropriate potentials to form the
final OC mesh. The rest of the hybrid mesh is built up using orthogonal coordinate

systems that reference the mesh planes on the boundary of the OC lattice.

In the case of the University of Bristol array the antenna is modelled using a Cartesian
mesh based on that used to simulate the wide-slot in Chapter 4. Positioned in various
orientations in the hemispherical array, the Cartesian mesh regions sit atop blocks of OC
mesh that interface with an arbitrary, but orthogonal, spherical based mesh that represents

the volume inside the array.

The validity of this method has been tested by modelling two of the wide-slot antennas
angled at 45° to one another, radiating into a high dielectric numerical phantom. The
simulated antenna S;; obtained via this model is very similar to the same results produced
by an equivalent Cartesian simulation. The simulated coupling between the antennas also

shows a good level of agreement with the measured response, once the frequency
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dependent losses of the physical phantom have been accounted for. The quality of the
mesh has been examined directly by analysing its angular composition. This indicates
that above 99.4% of the angles in the mesh were greater than 84°. Confirmation of this
was found by examining the field propagation from a point source located in the centre of
_ the spherical region. No major distortion of the radiated fields was identified although
this did highlight the presence of reflections in the mesh probably caused by the
inadequate boundary conditions. Despite this, a direct measurement of the antenna near
field in the curvilinear simulation compared favourably with the same results obtained

from a Cartesian simulation with a much larger workspace.

Simulating the response from a dielectric scatterer located in the spherical mesh allows
the majority of the boundary effects to be removed. To examine the performance of the
model in a scattering scenario, the response was found from a small dielectric target with
a contrast of 5:1 with the background medium. This was compared to the response from a
similar target in a cartesian simulation by relating both data sets to the measured field
intensity found in Chapter 4. The pleasing level of agreement found by this experiment,
along with the results from the previous tests, confirm that the mesh is capable of

modelling the segment of array to a reasonable degree of accuracy.

The first novel contribution of this work is the design of the wide-slot antenna and the
hybrid-meshing technique. Based on an existing design, this antenna was heavily
modified and optimised to operate in the imaging system. The cavity and bent feed were
also designed specifically for this application. The second major novel contribution is the
technique developed to construct the curvilinear, orthogonal mesh in Chapter 5 and the

way in which this mesh is then used as a basis to construct the rest of the hybrid mesh.
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6.3 Future Work

The antenna presented in Chapter 4 is a good candidate for use in a radar imaging system,
however the initial brief, laying down the requirements for this antenna intrinsically
implies that more can be done to improve the antenna design. Further reduction in the
size of the antenna and feed would mean even more elements could be included in the
array. These reductions could be affected by optimizing the antenna to work at higher
frequencies. The size of the feed could be reduced by developing a method to excite the
rhicrdstrip line with a vertically orientated coaxial cable, leaving only the antenna and

cavity to dictate the overall dimensions.

Simulations have shown that when radiating into a lossless high permittivity medium the
antenna has a very flat transmission fesponse. Unfortunately in reality the frequency
dependent losses of the matching medium distort the radiated pulses resulting in the
sloped transfer function seen in Section 4.6.3. To compensate, the transmission response

of the antenna could be altered to have a gradient that is the inverse of the “loss slope”.

The work presented in Chapter 5 takes the first steps in the development of a technique
that could potentially be used to model the imaging array and needs a lot more work
before it can be practicably applied. First the two antenna simulation should be extended
to model more antennas and eventually an entire row of antennas in the array. In its
present state, the structure of the mesh restricts its use to simulating only a linear section,
To enable its application to the entire array the basic structure of the mesh must be
redefined or a method developed to allow a number of array “wedges” to be linked
together. This latter strategy could be realised using a large intermediate section of OC

mesh between the wedges, though constructing this would be quite a challenge.

One of the most significant procedures in terms of computer resources is the time taken

solving the Laplace equations when finding the potential field. For the case of the OC-
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mesh produced in this chapter, these calculations push a conventional 32-bit desktop
machine to its limits. Currently the Laplace solver used is relatively crude and could be

refined, potentially giving significant time and memory savings.

The fundamental principles of the OC mesh construction are valid and could prove useful
in other problems, where large sections of the geometry can be accurately modelled‘using
different orthogonal coordinate systems. The method used to construct the OC mesh
could also prove useful in efficiently simulating curved microwave structures or
resonators. The author also recognises that the degree of non-orthogonallity in the OC
mesh and so hybrid mesh as a whole, is probably too high and further work must be
carried out to reduce these errors still further. This could be accomplished by developing

a finer Laplace solver mesh and further refinement of the field-line tracing algorithm.

For the technique to be useful, further work should be done towards benchmarking the
method. Simulations should be carried out to validate the orthogonal meshing algorithm
and explore its limitations. These should include how cell size and mesh curvature affects

the quality of the mesh.

The technique could be generalised and an automatic meshing procedure developed to
make the method more “user-friendly” and accessible. Ideally an algorithm would be
found that decides the optimum orthogonal co-ordinate system for a given geometry and

how best to link the resultant mesh volumes with the OC sections.
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