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Abstract

The investigation into moving electromagnetic near field hotspots inside a resonant cav-
ity is presented. The investigation is focused on providing an alternative approach to
thermal ablation of tumours, by inducing a hotspot over a tumour instead of using an
interstitial antenna. The methodology comprised comparing various electromagnetic
solvers, verifying the simulation techniques, characterising the resonance within a rect-
angular resonant cavity, and attempting to control the movement of its hotspots by
introducing a phase shift between its sources and modifying their frequency. The effects
of dielectric media of the field were also investigated. It was determined that incre-
mental frequency shifts only progressively moved the system’s hotspots between 2.6 and
2.7 GHz and phase shifting only worked between 2.55 and 2.7 GHz when the feeds were
on opposite walls. At the system’s eigenfrequencies, no pattern change was evident,
indicating that when the chamber was resonating, the field pattern was set. Further,
it was determined that the bandwidth of the characteristic modes of the system were
very narrow, such that the addition of dielectric material completely altered the reso-
nance of the system and the eigenfrequencies shifted. Therefore, the application of this
method to thermal ablation, which requires high precision, accuracy and control, was
deemed impractical. Future recommendations include using adjustable cavity geometry
and directive microwave sources to design for specific field patterns. Additionally, it is
recommended to investigate the validity of the ‘reverse problem’ to create a specific cur-
rent distribution around the resonant cavity. This is reminiscent of the three-dimensional
Green’s Theorem, which would induce the desired hotspot pattern from the surrounding

current distribution.
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Chapter 1

Introduction

Thermal ablation of a tumour is a clinical method of neoplastic tissue destruction by
inducing extreme local hyperthermia or hypothermia [I]. The procedure is like surgery
in the sense that it targets the whole tumour and a small margin of regular tissue
surrounding the tumour. Instead of the tissue being surgically removed, requiring cutting
the patient open, the tissue is killed and then reabsorbed by the body over some time

following the procedure [I].

Some sources of clinical hyperthermic ablation, such as microwave and radio frequency,
use needle-like interstitial devices, which are physically inserted into the tumour, as the
heat delivery mechanism. For microwave ablation, microwaves radiate from the needle-
like antenna. Microwaves propagate through all types of human tissue and induce the
most heat in tissues rich with polar molecules such as water [I]. Because tumours are
usually quite water-dense, microwave ablation can be quite effective at destroying them.
The inserted interstitial antenna, when energised, creates an electromagnetic field at
microwave frequency surrounding it, which induces heat in the tissue over time. From
an electromagnetic perspective, the antenna is fed with a signal at microwave frequency.
The antenna resonates and radiates electromagnetic radiation according to the specific
antenna’s far-field radiation pattern. A simple monopole antenna is often used, resulting
in a largely omnidirectional pattern, hence inducing a relatively even pocket of heat or

hotspot over the desired location.

1.1 Problem Statement

The current microwave ablation method, while being less invasive than open surgery to

remove tumours, is still an invasive procedure, as a device must be inserted into the body
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to deliver the microwave effect to the needed area. As such, the procedure is usually
relatively superficial in areas that are easily accessible percutaneously, such as the liver,

the most common site in the human anatomy for microwave thermal ablation [2].

The efficacy of the procedure is therefore limited to the location and percutaneous ac-
cessibility of the patient’s tumour. If it is hidden behind organs or other structures,
the procedure becomes difficult and ineffective. Additionally, concerns about general
surgery are not circumvented, for instance, poor clotting factors or allergies to anaes-
thesia etc. on the patient’s behalf. Some methods of ablation, such as High-Intensity
Focused Ultrasound (HIFU) eliminate these issues, however, HIFU has been shown to
have various problems associated with trying to ablate tumours, such as skin burns,
acoustic impedance from the lungs and heart, particularly in the thoracic area, and

inefficient ultrasound transduction through bone [3].

The problem with microwave ablation arises from the need to insert an interstitial an-
tenna into the desired tumour. The problem would be mitigated if an electromagnetic
hotspot could be induced over a tumour without the need for the inserted antenna. The
process could be accomplished using electromagnetic fields at microwave frequencies. At
these frequencies, the radiation isn’t as easily steered as with the much higher frequency
X-band radiation therapy. Additionally, the size of the antenna required to narrow a
beam towards a point as small as a tumour becomes impractically large. Therefore, this
investigation is a resonance study, looking at the electromagnetic near fields inside a res-
onant cavity. Currently, there is no method for controlling the position of a microwave

frequency hotspot within a resonant cavity.

1.2 Research Question

The above problem statement leads to the following research question.
“Can the position of an electromagnetic hotspot at microwave frequencies be controlled
consistently and feasibly within a resonant cavity?”
This research question can be broken down into a series of sub-questions as follows:

e Can a microwave frequency electromagnetic hotspot be effectively modelled in a

resonant cavity?

e Can the resonance and field pattern of the model be changed by adding another

microwave source?

e Can altering the phase and frequency of each source change the electromagnetic
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field pattern within the resonant cavity and hence, change the hotspot positions?

e Is the change of hotspot position consistent and feasible for the application of

clinical microwave thermal ablation?

1.3 Methodology Description

The methodology used to answer the research questions is divided into four sections.
Software testing, where the software packages used are tested against each other for
unanimity and for their ability to effectively handle resonance problems; software veri-
fication, where simulated data is compared to data acquired through real-world testing
to establish accuracy in resonance problems; characterisation of the established field in
simulation to quantify characteristic modes and resonant frequencies; and field manip-
ulation, where feed frequency and phase differences are introduced in an attempt to

control the position of the hotspots inherent to a field pattern.

1.4 Organization of Dissertation

The rest of the dissertation is organized as follows. Chapter 2] pertains to the literature
review and background information relevant to this investigation. Chapter [3] discusses
the detailed methodology used to answer the research questions. Chapter [4] contains the
results obtained and conclusion hence drawn. The conclusion is discussed in Chapter

along with future recommendations and a review of the research questions.



Chapter 2

Background

This chapter discusses the types of thermal ablation and their underlying physics. Elec-
tromagnetic theory on near field problems, the microwave frequency spectrum and its
interactions with dielectric tissue are discussed, along with field manipulation methods
including antenna and array theory. Additionally, the solver methods and modelling
software to be used in the investigation, including background into how each solver

methods works and their respective benefits and shortcomings, is presented.

2.1 Thermal Ablation

2.1.1 Biophysics

Thermal ablation is a method of destroying tissue by inducing hyper or hypothermia
in the tissue, as a substitute for open surgery. This is a transient thermal heat trans-
fer problem that can be described using Fourier’s heat equation. Penne produced a

biothermal formulation of Fourier’s heat equation [4] as follows:

or
pCpE = kV?T + Qn + Qum + Qp (2.1)

Where:
p = tissue density [kg-m~3]
C), = tissue specific heat capacity [J-kg™1-K™!]
T = temperature [K]
k = thermal conductivity [W-m~1.K—1]
Qn = heat flux of the source of ablation [W-m™!]
m = metabolic heat flux [W-m™!]

Qp = blood perfusion heat flux [W-m™]
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High volume blood vessels in the target area can create a heat sink for the thermal
energy, which Equation (2.1) does not account for, however, for nearby vessels with a

diameter of approximately 3 mm or less, the formulation holds [5].

2.1.2 Current Procedures

There are currently many implementations of clinical thermal ablation, the most com-
mon of which being Radio Frequency Ablation (RFA), Microwave Ablation (MWA),
Cryoablation, Laser Ablation (LA) and High Intensity Focused Ultrasound (HIFU). All
except HIFU use interstitial antenna devices to deliver the thermal energy and all are

often accompanied by an image guidance technique, such as magnetic resonance imaging
(MRI) [6].

Radiofrequency

RFA, one of the most used techniques, utilises an electrode; which is connected to a
radio wave generator, operating at radio frequency, and inserted directly into the target
tumour, while a reference electrode is often placed on the subject’s skin [I]. This is
known as unipolar operation. The bipolar operation is sometimes used, where the two
electrodes are placed on either side of the target tissue. When an electric current at
radiofrequency is applied through the electrode, the surrounding tissue heats up as a
result of resistive losses as current travels towards the reference electrode, which excites

the ionic molecules in the tissue through which it passes [6].

Cryoablation

Cryoablation uses the Joule-Thomson effect, which describes gas under high pressure
being forced through a porous plug or valve into an area of low pressure, causing the gas
to expand and cool down [7]. This method requires a probe, which carries the required
gas internally, to be inserted into the target tissue. The standard procedure utilises
argon gas to cool the tumour down (to as low as -160° C) by forming an ice ball, which
also clearly defines the ablation margins, and helium gas to warm the probe up again.
Typically, the procedure comprises multiple cycles of freeze and thaw in the area, after

which the probe is removed [6].

Laser

LA is performed by directly exposing the tissue to laser energy via a transport medium.
The laser provides a monochromatic light, the wavelength of which determines the laser

properties and tissue interactions, which is transported, usually through an optical fibre,
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directly to the ablation site. The absorption of the laser energy by the tissue is converted
to heat, which creates a temperature gradient through the surrounding tissue. The
treatment can be administered in continuous mode, where low laser power is used over a

longer period, or pulsed mode, where high laser power is administered intermittently [8].

Focused Ultrasound

Ultrasound energy can be delivered both internally, using interstitial devices, like RFA
and MWA or using external transducers. This makes ultrasound a very promising field.
HIFU is a process that requires only external transducers, lending the ability to ablate
tissue truly non-invasively. It relies on multiple ultrasonic beams converging to a focal
point of heating [I]. The ablation zone is usually tiny, about the size of a grain of rice,
and the process for destroying a full tumour involves overlapping many of these areas of
focus to cover the entire volume of the tumour [1]. Because of this, HIFU can often take
a matter of hours to complete, instead of the handful of minutes needed by the other
invasive techniques, and hence, the ablation site must generally be in easily accessible
areas that are not subject to any substantial movement over time; from breathing, for
instance. HIFU has also been shown to have other associated problems in practice, such

as skin burns and inefficient signal transduction through dense bone [3].

Microwave

MWA uses the microwave effect to induce heat in the target tissue. Like RFA, a device
is inserted into the target tumour, however, in this instance, it is a microwave antenna.
Electromagnetic microwaves radiate out from the interstitial antenna, creating a hotspot
around the device and interacting with the surrounding tissue. Tissue containing polar
molecules such as water are most affected by this method of heating, as the microwave
heating effect causes the molecules to vibrate [6]. Additionally, microwave frequency
electromagnetic waves propagate through all types of human tissue, in contrast to RF
ablation, which relies on the impedance of the tissue for current propagation. Therefore,
the entire ablation zone undergoes heating if it contains polar molecules. The main
difference between RFA and MWA is the frequency. RFA operates at radio frequency
and MWA operates at microwave frequency, which is much higher. Therefore, the tissues
of the human body are much larger in terms of wavelength for RFA when compared to
MWA. Because of this, RFA relies largely on current flow between the electrodes, whereas

the probe used in MWA becomes an actual antenna instead of an electrode.
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Figure 2.1: Electromagnetic Wave. Adapted from [I1].

2.2 Relevant Electromagnetics

2.2.1 Electromagnetic Waves, Fields and Radiation

Microwaves are a form of electromagnetic radiation. Unlike mechanical waves, like sound,
they can radiate through a vacuum, not requiring a medium to carry them, and through
transmission lines, as a Transverse Electromagnetic (TEM) wave [9]. Electromagnetic
waves have two components, Electric field (E) and Magnetic field (H), which act per-
pendicular to each other, as shown in Figure[2.1] These waves are characterised by their
main three properties, being frequency, velocity and electric field strength. The velocity
at which electromagnetic waves propagate in a vacuum, or in ‘free space’, is denoted by
the symbol ¢, which is ~ 3 x 10® m-s™!, also called the speed of light in free space [10].
A fundamental factor of electromagnetic waves is its frequency and wavelength, which
are related by the velocity of the wave, given in Equation and the energy it carries,
given by the Planck relation, Equation . Electric or magnetic field strength simply
refers to the magnitude of the field, often given in volts per meter (V/m) and amperes

per meter (A/m).

A=< (2.2)

Where:
A = wavelength [m]

f = frequency [Hz]
h = Planck’s constant ~ 6.63 x 1073* m?-kg-s~!
Electromagnetic fields are simply the combination of interconnected electric and mag-

netic fields. Radiation is simply the fluctuation of these fields in space [12].
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Figure 2.2: Electromagnetic Spectrum. Adapted from [IT].

2.2.2 Electromagnetic Spectrum

The frequencies at which electromagnetic waves can propagate are limitless. The electro-
magnetic spectrum refers to the phenomena that occur as a result of an electromagnetic
field oscillating within specific ranges of frequencies across the continuum of frequen-
cies [10]. Figure [2.9 shows some phenomena that occur at various wavelengths. It is
noteworthy that as the frequency of the wave increases, so too does the wave energy.
The microwave spectrum is generally accepted as occurring between the wavelengths of
30 cm to 3 mm, or frequencies of 1 GHz to 100 GHz. The typical frequency at which mi-
crowave ovens and, incidentally, Industrial, Scientific and Medical (ISM) devices operate

is 2.45 GHz, corresponding to a wavelength of ~ 122 mm.

Most of the electromagnetic spectrum that we experience in our daily lives, including
irradiation from the sun, forms part of the non-ionising spectra of frequencies, those
below the X-ray frequencies, which are usually regarded as ‘harmless’. Radiation asso-
ciated with nuclear fission is ionising radiation, consisting of electromagnetic waves at
a very high frequency (X-ray and above) and alpha and beta particles, resulting from
the decay of radioactive material. These waves are generally highly penetrating and can
cause tissue damage when absorbed [13]. It is important to note that microwave spectral
frequencies are not considered ionising. Table[2.]] shows the spectral characteristics of

some types of ionising and non-ionising radiation [I1].

2.2.3 Antennas

An antenna is a structure that radiates electromagnetic energy. An isotropic antenna
radiates electromagnetic energy equally in all directions. A useful property of antennas

is directivity, which means the field is directed. Directivity, D is generally analogous with
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Table 2.1: Characterisation of some of the ionising and non-ionising regions of the elec-
tromagnetic spectrum and their process of interacting with matter.

Radiation Type Frequency (Hz) Energy (J) Process

Ionising

y-ray > 10" >6.6-107% Tonisation and
nuclear effects

X-ray 1016 —101? 6.6- 107! t0 6.6 - 1071 Tonisation

Non-ionising

Ultraviolet 10 to 1016 6.6- 1072 to 6.6 - 107'®  Electronic
transitions

Visible light 10 6.6 - 10720 Electronic
transitions

Infrared

Microwaves

10 to 1014

109 to 101!

6.6-10723 t0 6.6 - 10720

6.6-1072° t0 6.6 - 10723

Rotation of
molecules and
vibration of
flexible bonds
Rotation of
molecules

antenna gain, G, being dependant on antenna efficiency, as shown in Equation [14].

For practical purposes, the efficiency, n, of an antenna is usually assumed to be 1,

meaning Gain and Directivity are equivalent. This is a general assumption for high

frequency (HF) and up.

Where:

G=nD
n:Prad
Py,

G = antenna gain [dBi]

D = antenna directivity, essentially gain [dBi]

n = antenna efficiency

P,.q = power radiated by the antenna [W]

P;,, = power input to the antenna [W]

The higher the gain in a particular direction, the more the field is directed in that solid

angle, instead of radiated omnidirectionally [14]. The field pattern is manipulated by the

antenna’s geometric characteristics, to radiate more energy in a certain direction than in

others. There are limitations on this, however. The approximation in Equation @) [14]
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shows the Half-Power Beamwidth (HPBW) of an antenna’s radiation pattern compared

to its gain. Here, the gain is absolute, not in logarithmic form.

G S0 20
9HP ¢HP

Where:
Ofp = half power beam angle in the 6 direction [degrees]

#%p = half power beam angle in the ¢ direction [degrees]

This shows that the more concentrated the radiation must be, or the smaller the HPBW,
the higher the gain of the antenna must be. Equation [14] shows that the effective
aperture of an antenna, or the space it occupies, is directly proportional to the gain of
the antenna. Therefore, an antenna that could produce a radiation pattern that focuses
a beam to a small enough HPBW to affect a tumour and not its surrounding tissue

would require a very large gain, requiring a very large antenna.

G)2
A = —
47
Where:

A, = effective aperture [m?]

For these relationships to hold, the receiver and source must be sufficiently far away, in

the so-called far field, discussed in Section

2.2.4 Impedance

Antenna impedance plays a large role in the operation of antennas and electromag-
netic devices. An impedance mismatch involving an antenna ultimately results in signal
attenuation. Therefore, antennas are ideally used in their impedance bandwidth, the
range of frequencies where their impedance is deemed acceptable for enough energy to
be radiated by the antenna instead of reflected. A common metric for quantifying this
impedance bandwidth is the voltage standing wave ratio (VSWR) of an antenna. When
impedances are not matched, reflection occurs and standing waves are set up so not all
available power is transferred [14]. The measure of the impedance mismatch is quantified
by p, the voltage reflection coefficient, given in Equation (@) The lower the reflection,

the better the power transmission.

 Za— 7

_ 2.8
P= T (2.8)

10
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VSWR is the more common way of stating impedance mismatch. It is related to the

reflection coefficient as follows:

1+ |pl

VSWR =
L —|p|

(2.9)

In terms of the generated standing waves resulting from an impedance mismatch, VSWR
can be calculated by dividing the maximum voltage of the envelope by the minimum
voltage: Viaz/Vmin. VSWR is often used to describe the impedance bandwidth of an
antenna. By general rule, if the VSWR < 2, the antenna is considered matched and the
range of frequencies where the VSWR is below 2 is the impedance bandwidth.

2.2.5 Near and Far Fields

The area surrounding an electromagnetic source, such as an antenna, is broken up into
three regions: the reactive near field, the radiative near field and the far field. For
small antennas, this is often approximated to a single near field far field transition
point at A/2w. This approximation stems from the Ey component of the electric field
radiated by an antenna. It contains three components based on 1/r3, 1/r% and 1/r, which
respectively describe the electric field component of the reactive near field, radiative near

field and far field surrounding the source.

Immediately surrounding the source, the 1/r3 term dominates, but as the distance from
the source increases, or r increases, that term becomes smaller very quickly. The far
field is described by the 1/r term. At r = A/2w, a crossing point occurs, and the far
field term becomes most dominant. Therefore, this is usually approximated as the far

field transition point.

This approximation becomes difficult for physically large antennas, where it is unclear

where to start measuring the distance from. Therefore, these regions are described

more accurately by Equations (2.10), and (2.12) [15]. Equation is the

transition point between the reactive and radiative near field, Equation (2.11|) describes
the radiative near field region between the reactive near field and the far field, and
Equation (2.12) is the transition point at which the far field is dominant. They hold for

all antennas including large antennas.

R< /=~ (2.10)

L3 212
\/7§R<T (2.11)

11
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Figure 2.3: Near Field vs Far Field. Adapted from [I§].

212
R> -~ (2.12)

Where:
R = radial distance from the source [m]

L = largest physical dimension of antenna [m]

A = the wavelength of the signal frequency [m)]

In the reactive near field, henceforth referred to as the near field, reactive power densities
dominate. In the far field, the field behaviour is predictable and approaches plane waves,
whereas the near field is operationally complex and reactive, with the field pattern being
far more complicated and irregular [16]. Figure[2.3shows a basic comparison of the wave

interactions of the three regions.

In the near field, there are far more wave interactions, resulting in a non-uniform field
pattern [I6]. The diffraction in this region is referred to as Fresnel diffraction [I7]. If
the pattern is observed from the point of view of magnitude, as with standard radia-
tion patterns, the near field pattern has small areas of increased magnitude and areas
of decreased magnitude, resulting from the wave interactions, as shown on the left in
Figure[2.4 Near field interactions make it possible to concentrate a field on a small point
in space, such as over a tumour. In the far field, all common antenna relationships and
design criteria start becoming applicable. Diffraction in this zone is called Fraunhofer
diffraction [17].

Equation (2.12) shows that the larger the antenna becomes, the further away the near
field zone is apparent. If far field radiation is to be aimed at a tumour sized object, a
very narrow beamwidth is needed, resulting in a very large physical antenna, hence a far

field criterion that is far away from the source, meaning an increased distance between

12
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Figure 2.4: Near (left) and Far (right) field radiation patterns. Adapted from [19].

the tumour and the source. It becomes infeasible to satisfy all the required relationships

while maintaining reasonable antenna size.

2.2.6 Array Theory

Array theory arises from the contribution of multiple field sources to a radiation pattern.
Vector addition is performed of the field magnitude and phase at all directional points,
or solid angles, surrounding the array to calculate the new radiation pattern [14]. This
method is very useful in that it can increase the gain of the array by adding contributions
of smaller elements instead of increasing the size of a single element. The pattern can
also be manipulated by altering the phase of the feed to each element without having
to alter the physical structure of the array and the array can be configured to create a
broadside or end-fire pattern [20]. Figure shows the utility of array theory in creating
a broadside (left) and broadside/end-fire (right) array, both with enhanced gain using
multiple instances of a simple point source. It also allows for the forward gain, or
maximum gain, to be directed and steered without the need of changing the array’s, or

the antennas’, physical attributes.

Array theory is useful in that it supplies a method to predict a field pattern based on
the feed phase of multiple sources. It is still not feasible for tumour ablation purposes,
however, as the relationships in Equations @ and still hold, regardless of whether
the source is an array or a single antenna. The space requirements that allow for a gain
large enough to narrow the beam sufficiently are still enormous, as Array Theory is

applicable only in the far field.

13
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Figure 2.5: Radiation Pattern of Broadside and Endfire arrays. Adapted from [20].

2.2.7 Resonance and Resonant Cavities

Mechanical resonance refers to the greater amplitude response of a mechanical system
when it oscillates with a frequency approaching its natural vibration frequency. It and
‘tuned circuit’ resonance demonstrates that given enough energy, even at a frequency
other than the natural frequency, the system persists in resonating at that other fre-
quency; and that the resonance bandwidth is quite narrow. In terms of antennas and
antenna theory, if an antenna is fed with an appropriate frequency that falls within its

bandwidth, it is said to be resonating, as in, radiating the power it is fed.

Resonance in electromagnetic terms, however, describes the sharp increase in ampli-
tude, or magnitude, resulting from the application of an electromagnetic force or field of
a specific frequency that approaches a natural frequency, or eigenfrequency, of the sys-
tem upon which it acts [2I]. It can also be referred to as the increased absorption that
occurs when the correct combination of electromagnetic field and frequency is applied
to the structure [22]. Resonant cavities are bounded resonant structures whose dimen-
sions are comparable with, or larger than, the operating wavelength of the excitation
signal. Ideally, such cavities are operated at one of their resonant modes, to achieve
a resonant peak in terms of power delivery [23]. Because the cavity is, by definition,
enclosed in metal, it is non-radiative and highly reactive inside the cavity, meaning the
electromagnetic field patterns, or eigenfields, inside the cavity are a purely near field

problem.

14
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2.3 Microwaves

Microwaves are electromagnetic waves at microwave frequencies, as described in Fig-
ure The microwave spectra of frequencies have many applications, including the
microwave heating effect, the basis of microwave ovens, communication technologies,

such as Bluetooth and Wi-Fi and other ISM devices.

2.3.1 Microwave Heating

Microwave heating is an effect whereby a medium absorbs electromagnetic energy to
achieve rapid heating. The heating results from the conversion of electromagnetic en-
ergy at microwave frequencies to thermal energy through the agitation, or continued
realignment to the field, of polar molecules such as water [24]. The magnetic perme-
ability of most biological tissue is very similar to that of free space [25], denoted puy,
47 x 1077 H-m~!. Therefore, biological tissue does not interact substantially with the
magnetic component of electromagnetic fields and hence, heating of the tissue under the
influence of a microwave field is predominantly a result of the fluctuation of the electric
field.

The heating power term from Equation (2.1]) that describes microwave heating is shown
below in Equation .

J?  oE?
Qh—J-E—%——2 (2.13)
Where:
Q1 = heat flux of the source of ablation [W-m™!]

E = electric field strength [V-m™!]

J = current density [A-m™!]

And ¢ is the effective electric conductivity, in [S-m~!], given by

o =2mfepe’ (2.14)

Where:
€' = dielectric loss factor

€o = permittivity of free space [~ 8.85 x 1072 F-m~!]

Hence, microwave power as a function of displacement and temperature is related to the
electric field and can be described by Equation [26].

1
P(z,T) = iwe[)e”EQ (2.15)
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2.3.2 Dielectric Influence

Different materials exhibit different affinities for converting electromagnetic field energy
into heat, dependant on the material’s dielectric response, a function of its dielectric
characteristics [I1], [27]. Each material’s capacity to absorb electromagnetic energy is

proportional to how well the microwaves can penetrate the material.

For reflective materials, such as metals, the penetration is zero, hence there is no ab-
sorption, whereas, for transparent materials, penetration tends to infinity [27]. When
the energy is absorbed, the energy conversion into thermal energy is dependent on the

dissipation factor (or loss tangent) of the material, as shown in Equation [11].

7

€

tand = 7 (2.16)

Where € is the dielectric constant. The relative complex permittivity, €* is given by
Equation (2.17).

€ =¢ —jé’ (2.17)

Higher values for tan§ translate to a higher heating capacity when microwaves are ab-
sorbed [28]. Table[2.3, data acquired from [11], shows the dielectric dissipation factor of

some materials and solvents.

All the listed solvents have a higher affinity for microwave absorption than do the ma-
terials, hence materials are sometimes mixed with solvents to be heated more efficiently
by microwave heating [IT]. For all the listed substances, the dissipation factor was cal-
culated at a frequency of 3 GHz and at 25° C, except for acetic acid and toluene, which
were calculated at 2.45 GHz and 20° C.

Table 2.2: Dissipation factors of various solvents and materials at 3 GHz and 25° C.

Solvent tand Material tan d
Ethylene glycol 1 Nylon 6,6 12.8-1073
Ethanol 0.25  Poly(vinyl chloride) 5.5-1073
Methanol 0.64  Porcelain 4462 1.0-1073
Acetic acid 0.174 Borosilicate glass 1.06-1073
Water 0.157 Ceramic F66 0.55-1073
0.1 mol/I NaCl 0.24  Polyethylene 0.31-1073
0.5 mol/1 NaCl 0.63 PTFE-PFA 0.15-1073
Toluene 0.040 Fused quartz 0.06- 1073

16
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In cases where the dielectric microwave absorption properties are not linear and are
dependent on the temperature of the dielectric, thermal runaway can easily occur. The
dielectric heats up, its affinity to absorb microwaves increases, further heating it up in

a positive feedback loop.

2.3.3 Microwave Ovens

Microwave ovens are common household devices that utilise the microwave heating effect
to heat food. A drawback of these ovens is that heating is non-uniform, as a result of
the resonance within the cavity that causes areas of high electromagnetic field intensity
and low electromagnetic intensity, or hotspots and cold spots [29], as is characteristic of
near field patterns. To account for this non-uniformity, historical microwave ovens had a
‘stirrer’, a piece of metal that rotated, thus actively changing the near field pattern and
the position of the hotspots. These days, microwave ovens often have a glass turntable
at their base upon which the food is placed. The objective is to rotate the food through
a non-uniform field so that different sections of the food are sporadically acted upon by
a hotspot or collection of hotspots at a point in space, distributing the heating amongst
the food, instead of only a small section of food continuously heating up while the rest

remains cold.

The resonant near field pattern of the field inside the oven is dictated by the cavity geom-
etry, dielectric properties of the material inside the chamber and the size and geometry
of the dielectric material [24]. A microwave oven essentially describes the ability to heat
a certain part of a dielectric and not others, as often happens when food is heated up. It
provides an unrefined, nonspecific and imprecise mechanism for microwave thermal ab-
lation of tissue. With microwave ovens, efforts are often made to provide wide, uniform
heating of the entire dielectric, such as the addition of the turntable, instead of precise,

localised heating which is needed for clinical thermal ablation in humans.

2.4 Electromagnetic Solvers

This section discusses the solution to electromagnetic problems, the various solver meth-
ods used to solve the applicable models and the simulation packages used in this inves-
tigation.

2.4.1 Maxwell’s Equations

Maxwell’s equations are four coupled partial differential equations, developed by James

Clerk Maxwell, which form, along with the Lorentz Force Law, the basis of computational

17



Chapter 2. Background 18

electromagnetism. The equations provide a mathematical model for electromagnetic
systems, describing how the electric and magnetic components of electromagnetic fields
are generated by changing charges and currents [30]. In computational electromagnetic
problems, the electric and magnetic fields must satisfy the time dependant Maxwell

equations, given below:

VXxE= —88]? (2.18)
VXH:J—l—aa]t) (2.19)
V-D=p, (2.20)
V-B=0 (2.21)

Where:
E = electric field intensity vector [V-m~1]

B = magnetic flux density vector [Wb-m~2 or T]
H = magnetic field intensity vector [A-m~!]

D = electric flux density vector [C-m~?]

J = electric current density vector [A-m~2]

pv = electric charge density [C-m™2]

These equations are interdependent. B and D are essential for calculating E and H.
These equations are usually represented in differential form; however, their integral form
can also be useful in certain circumstances. Both forms of the equations are shown in

Table [30].

Table 2.3: Maxwell’s Equations in Differential and Integral Form

Differential form Integral form Name

B
VXxE= —aa—t 55 // Faraday’s law

D
VXH:J—i—a— H-dlz[—i—//-dé Ampere’s law

V-D =p, D.ds=q@Q Gauss’s law for electric charge

V.-B=0 B.-ds= Gauss’s law for magnetic charge

18
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Essentially, electromagnetic solvers or simulation packages calculate the electric and
magnetic components of the electromagnetic field by solving Maxwell’s equations, which

generally cannot be solved analytically owing to the inherent interdependency.

2.4.2 Method of Moments

Maxwell’s equations, discussed in Section |2.4.1 are very difficult to solve analytically.
When dealing with complex antennas, three-dimensional space, large structures, or most
practical purposes, they cannot be solved analytically, but they can be solved numeri-
cally. The Method of Moments (MoM) technique converts the integral equations into a

linear system which can be solved numerically using a computer [31].

Essentially, the MoM solves the problem by converting integral equations into matrix
equations. A noteworthy feature of the MoM is that it is a purely surface-based method,
meaning that only the surface of the physical structure of the object being analysed is
considered [32]. This makes the MoM very effective at dealing with perfectly conductive

wire segment structures without the presence of penetrable absorbing bodies.

Additionally, the MoM is a purely frequency domain based solver method, making it
efficient at solving single frequency or narrow band problems. However, for wideband
problems, a fully new solution must be generated for each instance of frequency, which

significantly increases solver time [32].

The procedure comprises four steps. Firstly, the structure to be modelled must be dis-
cretised into a collection of small wire segments that make up geometric primitives.
The Numerical Electromagnetic Code (NEC) generally uses a grid pattern for wire seg-
ments, however, programs such as FEKO and CST Studio use triangles, because they
can conform to almost any shapes’ curvature and because of the very efficient triangle
integration rules [33]. Secondly, expansion functions that represent the unknown current
distribution along the structure and weighting functions for the segments must be cho-
sen. Thirdly, filling the matrix using the chosen functions and solving for the unknown
current distribution along the surface of the structure. Lastly, processing the calculated
current distribution of the structure to find the desired characteristics of the system,

including near field, far field, impedance and whatever else is required [32].

2.4.3 Fast Multipole Method

Iterative methods for solving the matrices involved in MoM computation can shorten
compute time by starting with an approximation of the solution vector and attempting

to minimise residuals for each iteration until the solution is sufficiently correct [31].
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The Fast Multipole Method (FMM) is a method of speeding up MoM solutions instead of
being its own technique. It is usually implemented as an iterative numerical algorithm
that reduces the complexity of the problem. FMM uses an error-controlled approxi-
mation of the system. This allows the field interactions of a collection of particles to
be evaluated as if they were a single particle [34]. The interactions between separated
groups of functions can then be evaluated, allowing for the calculation of the matrix
product iteratively without having to store many elements, leading to faster computing
time. However, the runtime may still be high for complicated problems owing to a higher
number of matrix-vector products and the fact that the solution may not converge on a

correct solution easily [34].

2.4.4 Finite Element Method

The Finite Element Method (FEM) is a numerical method used to solve partial differ-
ential equations, like the Maxwell equations, by converting them into matrix equations.
This process is similar to that used by the MoM, however, the partial differential form
of the equations is used, instead of the integral form [35]. One of the primary features
of FEM is that it can describe the essence of the problem, its geometry, dielectric bodies
etc., with a degree of flexibility. This is owed to the discretisation of the domain of the
problem into its so-called finite elements, which use non-uniform segments of elements,

which can easily describe complex structures [36].

FEM resembles how MoM solves the problem in that they both convert a differential
or integral equation into algebraic matrix equations. However, a key difference is that
FEM is based on the principle of minimising the energy of the system [36] and uses
sparse matrices which are solved iteratively, instead of the MoM’s full matrices which
are solved traditionally, using Gaussian elimination or LU decomposition. This makes
FEM a slightly faster solver method and is more suited to 3D complex structures and
the introduction of penetrable bodies, such as dielectrics. Essentially, FEM is a bet-
ter method for solving volumetric problems, whereas MoM is ideally used for skeletal

situations.

2.4.5 Finite Difference Time Domain

The Finite Difference Time Domain (FDTD) method of electromagnetic simulation pro-
vides a direct integration of Maxwell’s time dependant differential equations, discussed
in Section [2.4.1] Since FDTD uses volumetric data instead of surface data, it is very
effective at modelling complex 3D structures [37]. The main difference between this

method and MoM and FEM is the fact that it is a time domain technique instead of a
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frequency domain technique [37]. This makes large frequency ranges very easy to han-
dle, as, in a single time domain simulation, a response of the system to a wide range of

frequencies can be decomposed using Fourier Transform (FT) techniques.

With FDTD, the space of the solution is divided into uniform mesh cells, comprising 3D
voxels instead of surface triangles or tetrahedrons. For each mesh cell, the electric and
magnetic field components are defined, as with FEM, however, instead of developing a
matrix equation, the fields are staggered in space and moved through time, allowing for
a direct field solution in time to be calculated [37]. In other words, for each iteration in
time, the field components are determined and stored for that instance of time. After

which, the frequency domain’s spectral components can be calculated using FT.

2.4.6 Finite Integration Technique

The Finite Integration Technique (FIT) is another spatial discretisation method to nu-
merically solve electromagnetic problems. It is very similar to FDTD in terms of how
the field is solved. The main difference is that the FIT solves the integral form of time
dependant differential equations, whereas FDTD solves the differential form. Hence,

FIT can yield results in both the time and frequency spectral domains [38].

2.4.7 Eigenmode Expansion

Eigenmode Expansion (EME) is a computational electromagnetics method, alternatively
called the Mode Matching Technique or the Bidirectional Eigenmode Propagation (BEP)
method [39], used to calculate the various resonant frequencies and corresponding elec-
tromagnetic field pattern, or eigenmodes, of a structure, without the need of an excitation

signal [40]. It is a linear frequency domain method of solving Maxwell’s equations.

The approach is ideally suited for bounded cavities and waveguides as it can deal with
cavity segments of arbitrary length without needing to reallocate memory as length
increases [39]. Additionally, mismatch and impedance are of no concern as there is no
excitation signal. This method is suited for finding resonant frequencies of bounded

cavities fed with waveguides, however, it cannot deal with phase shifting of sources.

2.4.8 Modelling Software

This section introduces the relevant software packages used in this investigation and

their utilisation of the various electromagnetic solver methods.
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FEKO

FEKO [41] is a comprehensive electromagnetic solver that utilises multiple solution
methods, each ideally suited to different applications, for electromagnetic field analy-
sis. The University of the Witwatersrand provided a full license to access FEKO and all
its features. FEKO supports full-wave frequency domain and time domain, as well as
asymptotic solution methods [42]. Additionally, it features a characteristic mode analy-
sis (CMA) configuration, which determines the dominance of the current modes on the

structure.
e Full-wave frequency domain
— Method of moments (MoM)
— Finite element method (FEM)
— Multilevel fast multipole method (MLFMM)
e Full-wave time domain
— Finite difference time domain (FDTD)
e Asymptotic

— Physical optics (PO)

Large element physical optics (LE-PO)

Ray launching geometric optics (RL-GO)

Uniform theory of diffraction (UTD)

Only, MoM, FEM, MLFMM, a type of FMM, FDTD and CMA are relevant to this
investigation. There are also options to solve problems using the hybridisation of different
solvers. Figure[2.6] shows the applications of the various solvers. FEKO comes with its
own comprehensive CAD modelling application, used to create structures, discretise
them and set up the simulation. There is also a comprehensive post-processor used to
view the results of the simulation. This all makes FEKO ideally suited to the needs of

this investigation.

FEKO can make use of a waveguide port, making the feeding of resonant cavities easier.
For this investigation, the only solutions methods that were utilised were MoM and
MLFMM. FEM was excluded as it can only be used in FEKO to solve dielectric media
and cannot handle PEC boundaries in free space. FDTD was excluded as it cannot

utilise the waveguide port method of feeding the structure.
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Figure 2.6: The Hybridisation of the FEKO Solvers for their Respective Applications.
Image adapted from [42].

CST Studio Suite Student

CST Studio Suite [43] is a high-performance 3D electromagnetic analysis software pack-
age, developed by Dassault Systemes, for designing, analysing and optimising electro-
magnetic fields, components and systems. CST offers a free student version with a va-
riety of limitations on mesh sizes, available solvers and export and import capabilities.

Additionally, a watermark is always present, and it cannot be used commercially.

Like FEKO, CST has the capability of utilising many individual or multiple electro-
magnetic solver methods. Unlike FEKO, where each solver method can explicitly be
selected, CST utilises many different solver platforms, based on the needed application.
The program has five main classes of solver, namely High Frequency, Low Frequency,
Multiphysics, Particles, and EMC and EDA [40]. High Frequency, the solver platform
relevant to this investigation can be broken down into a series of solver methods, as

follows:

e Asymptotic

Eigenmode

Filter Designer 2D

Filter Designer 3D

e Frequency Domain
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Integral Equation

Multilayer

Time Domain

Hybrid Solver Task

In the student edition, only Frequency Domain, Time Domain and a selection of static
and thermal solvers are available. The frequency domain solver is based on FEM, includ-
ing a model order reduction (MOD) feature to speed up the simulation time of resonant
structures. The time domain solver utilises the FIT solver and the transmission line
matrix (TLM) solver, which is not relevant to this investigation. The combination of

FEM and FIT solver methods makes CST very efficient at wideband frequency sweeps.

CST Suite Students Edition does not include an implementation of the Boundary Ele-
ment Method (BEM), so there is no MoM or FMM solver included. These implementa-
tions are part of the Multilayer and Integral Equation solvers, which are only available
with the full version of CST. However, the frequency and time domain solvers available

are sufficient for the simulation needed in this investigation.

CST comes native with comprehensive CAD and post-processing modules, making it
easy to create, mesh and simulate models, and process the results. Additionally, for
microwave problems, it features the ability to use a waveguide port, which launches a

plane wave of the appropriate frequency down the waveguide.

HFWorks

HFWorks [44] is the high frequency software solution from EMWorks. It can carry out
S-parameter, antenna and resonance studies. A research evaluation license was provided
by EMWorks for the investigation. It features three different solution studies depending
on what is being simulated: S-Parameters, Resonance and Antennas. It uses the FEM

solver model.

HFWorks was utilised solely for its resonance study feature, which uses an eigenmode
solver to determine the resonant frequencies of the system and the corresponding electric
near fields, eliminating the need to feed the structure at all, as it determines the natural
resonance of the structure. This provides a useful characterisation of the resonance of

the cavity.
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Numerical Electromagnetic Code

The Numerical Electromagnetic Code (NEC) is based on a previous method of moments
code for thin wires, the Antenna Modelling Program (AMP). It can model antennas in
free space, over a perfectly conducting ground plane, or lossy material [45]. The program

provides a purely MoM solution to the Maxwell equations.

SuperNEC [46], developed by The University of the Witwatersrand and Poynting Soft-
ware (Pty) Ltd, provides a C++ based MoM-UTD hybrid code, based on the FORTRAN
program, NEC2 [46]. While NEC2 is simply a simulation engine, requiring a text file
input and outputting another text file, SuperNEC provides a rudimentary interface for
generating a set of predetermined structures, or assemblies. The interface uses the na-
tive Structure Interpolation and Gridding (SIG) approach to generate NEC input files.
The list of predetermined models is limited. However, new assemblies can be created

manually, or through a guide inherent to SuperNEC [46].

The NEC approach is limited, as only purely MoM solutions are available, meaning
high simulation times for broadband sweeps. Additionally, SuperNEC cannot utilise the
waveguide port structure excitation approach adopted by FEKO and CST Studio, which
launches a plane wave from a waveguide face. Instead, a single wire feed must be used.
Additionally, the complexity of structures is not easily modelled, as each model is in
essence a collection of manually placed interconnecting wires. However, for MoM based

rectangular resonance problems, SuperNEC provides a suitable simulation platform.

Matlab

MATLAB is a widely used programming and numerical computing platform, developed by
MathWorks [47]. It provides an easy method of dealing with NEC problems, like creating
assemblies, creating and editing NEC input files, programming relevant post-processing
applications. Additionally, output data from FEKO and CST Studio can be further

refined into a meaningful relationship, providing a useful tool for this investigation.
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Methodology

This chapter presents the methodology used to answer the research questions in this

investigation. The methodology was divided into four sections.

Section discusses the method used to test the various electromagnetic simulation

programs against each other for a standard rectangular resonant cavity.

Section discusses the verification of the simulation software by creating a model of
a microwave oven and comparing its simulated fields to the fields that were inherent in

the physical oven.

Thereafter, a new resonant cavity model was created based on documented standard
waveguide behaviour. This model was characterised in Section[3.3 The characterisation
included a resonance study, which calculated the cavity’s eigenfrequencies and corre-
sponding eigenfields, an analytical calculation of its characteristic modes, and various
near field simulations. The system’s sensitivity to dielectric influence is also presented,

as well as its frequency bandwidth.

Section pertains to the manipulation of the field pattern inside the new rectangular
cavity to move the hotspots by frequency and phase shifting. An additional section,

Section summarises the software used for each area of the investigation.

3.1 Software Testing

An array of software packages was used to simulate the electromagnetic near field inside
a basic rectangular cavity with a rectangular waveguide input. The programs were CST

Studio Suite Student Edition, FEKO, HFWorks and SuperNEC, all of which use slightly

different solver methods to calculate the fields and offer slightly different pros and cons.
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There were two reasons for this approach. Firstly, to lend some diversity relating to how
the model is solved; FEM, FMM, MoM and FDTD were all used. Secondly, numerical
instability frequently occurs when simulating resonance owing to the peaking amplitude
over a very narrow bandwidth. The various programs and techniques exhibit different

tolerances around resonance.

The various solver methods and programs were discussed in depth in Section[2.4l For this
investigation, FEKO was used to conduct MoM and FMM simulation, SuperNEC was
used for MoM simulation, CST Studio was used for FEM and FDTD, or FIT simulation
and HFWorks was used to conduct resonance studies on the structures using its EME

solver.

This section discusses the benchmark model used to initially evaluate each program and
how the programs’ outputs were compared. HF Works was excluded from the comparison
as it was not used for any near field simulations, only to characterise the resonance of

the waveguide.

3.1.1 Benchmark Model

The benchmark model geometry was based on a standard microwave frequency feed of
2.45 GHz, giving a wavelength of &~ 122 mm. The cavity was set to a 2A x 2\ x 1\ rect-
angle, with no specific design procedures being employed, as the model only functioned
to compare outputs between the programs. The feed was a standard waveguide, centred
on the front wall of the cavity, designed to the common convention of 0.6\ x 0.3\ in
cross-section. The waveguide length was set to 1A long. The metric dimensions of the
model are shown in Table[3.1] This model functioned to establish similarity between the

different simulation platforms and solver methods.

Table 3.1: Dimensions of the basic rectangular cavity.

Cavity Waveguide
Width (mm) | 244.73 73.42
Length (mm) | 244.73 122.37
Height (mm) | 122.37 36.71

3.1.2 Results and Deliverables

The respective software packages had to essentially simulate the same benchmark to
establish a comparison between their outputs. The benchmark model was a rectangular
cavity described by the dimensions given in Table[3.1] The electric near field inside the

cavity section of the model was simulated at 2.45 GHz using the following settings.

27



Chapter 3. Methodology 28

The frequency domain solver was used in CST, standard MoM was used in FEKO, and
standard MoM was used in SuperNEC. These are the default solvers for each software.
In SuperNEC, two models were created, one with the single wavelength waveguide and
another with a waveguide two wavelengths long, to try inducing a plane wave at the
waveguide opening. For CST and FEKO, this was not necessary as they can both

employ a waveguide port as a feed, which launches a plane wave anyway.

The material and boundary conditions were set in each case such that a vacuum, free
space, was evident inside the cavity and the metallic walls of the cavity were modelled
as a perfect electric conductor (PEC). Four representations of the electric near field
data were examined to establish a comparison. These were: three 2D contour slices
of the data on the XY, XZ and YZ planes directly through the centre of the model,
and an iso-surface 3D plot of the data. In CST and FEKO, these outputs are easily
generated, however, SuperNEC has no iso-surface plotting implementation. Therefore,
an application based in MATLAB was written to receive an NEC output file, extract and

plot the iso-surface data from it. Appendix [A] describes the working of the application.

Additionally, all programs use slightly different feed methods, so near field amplitude
comparison would not be applicable. While CST and FEKO both use a waveguide
port, CST’s port is based on scattering parameters, while FEKO’s is based on the
input voltage. SuperNEC uses a voltage source attached to a monopole. Therefore,
the patterns were compared relative to each of their respective maximum and minimum
values. Additionally, where possible, input power from each port was compared to
demonstrate the different feed methods. In each case, the frequency sweep at which
resonance was examined was 2.2 - 2.7 GHz, given a 500 MHz bandwidth centred around
2.45 GHz. Appendix |B| shows a comparison of all applicable solvers available to all the

programs.

3.2 Verification

This section describes the method used to verify the simulated results. The method
constituted creating a model of a physical microwave oven and comparing the electric
near field pattern of the simulated model with that of the actual oven. The method used
to obtain planar field data from within the microwave oven is discussed. In simulation,
FEKO was used to simulate the internal electric near field of the model and attempts

were made to match the simulated data with the measured data.
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3.2.1 Microwave Oven Model

A microwave oven, the Defy DMO 383 Microwave Oven, was obtained and was used to
verify the simulation software where possible. The oven has internal rectangular dimen-
sions of 301 x 311 x 202 mm according to the manual. The geometry, however, is not
rectangular, containing many lofts, bevels and indents. The complex geometry was mea-
sured, where possible, and a CAD model was generated using Autodesk Inventor [4§],
which makes educational licenses available for students. Instead of a standard waveg-
uide feed, the oven’s magnetron uses a monopole antenna to pump energy into a small
chamber of 85 x 70 x 30 mm which opens into the main cavity through a rectangular

hole of 69 x 56 mm. This model was then imported directly into FEKO.

CST Student Edition was not used as geometry import is not supported for the student
edition. Additionally, a limitation of the student edition is a maximum mesh size of
20 000 tetrahedrons for the frequency domain solver and 100 000 voxels for the time
domain solver, both of which were exceeded by the complex geometry. SuperNEC was
not used owing to the difficulty in creating an input NEC file that described complicated
geometry accurately. A dry run of the model was simulated at 2.45 GHz using MoM in
FEKO to find the hotspots of the system.

3.2.2 Actual Field

The actual field inside the microwave was found using thermal paper, the same that is
often found in till slips. The paper changes colour from white to black in the presence
of heat. Since microwaves interact with polar molecules, like water, the paper was
dampened so the heating of the water on the paper would induce heat in the paper
itself. Strips of paper were layered on sheets of polystyrene, using masking tape as an
adhesive, to create a ‘plane’ upon which the electric field could act. Polystyrene was
selected for its lightness, rigidity, inability to absorb water and warp under its influence,
and low dielectric permittivity, meaning it will not largely interact with and alter the

electric field.

These sheets were wet and placed inside the microwave oven individually, after which
the oven was turned on for 30 seconds. The experiment was conducted 12 times. The
paper would darken in areas of high electric field intensity and remain white in low
areas, thus creating a visual pattern to compare with. Since the magnetron inside
the microwave tends to shift in frequency during use, many different field patterns were
created. Therefore, areas of consistent overlap were looked for to be used as the dominant

hotspots of the system.
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3.2.3 Operating Frequency

As mentioned previously, the frequency of the energy delivered by a magnetron in a
microwave oven can vary over time. As discussed in [49], this change in operational
frequency is influenced by many factors, including the effects of ‘pulling’ and ‘pushing’
on the magnetron owing to changes in the power reflected to the magnetron and the
cathode current in the magnetron. The presence of an absorbing body could influence
the reflected power as it absorbs microwave energy and its subsequent affinity to absorb
more energy could change. Therefore, the operational frequency or frequencies of the

microwave had to be determined. This was accomplished through measurement.

A spectrum analyser, the Anritsu MS2036A VNA Master, supplied by Wits University,
which can operate as both a spectrum analyser and a Vector Network Analyser (VNA),
was used to determine the electromagnetic leakage of the microwave oven during opera-
tion. The A-Info DS-3300 Log-Periodic Dipole Array (LPDA) at Wits was used to take

measurements.

The antenna has a wide band of operation, 30-3000 MHz, which suited the desired
measurement frequency range of 2.2-2.7 GHz. The LPDA was initially calibrated using
the VNA and the VSWR was tested in the range of 2.2-2.7 GHz to ensure the antenna
was matched (VSWR< 2) at those frequencies. Then it was placed inside the shielded
anechoic chamber at Wits University and pointed at the microwave oven. A series of
tests were then conducted. A glass of water was placed inside the oven to measure
the frequency of the leakage with the presence of an absorbing body, and a sheet of
polystyrene was placed at the base of the oven to test the ‘empty’ conditions which were

present to measure the hotspots of the oven.

3.2.4 Simulated Field

Because polystyrene, a dielectric medium, was used to hold the thermal paper, it would
be expected to interact a little with the electromagnetic field inside the cavity. Hence,
a similar sheet of dielectric was added to the empty microwave model for simulation.
FEKO’s media library contained both polystyrene and Styrofoam, which is a trade-
marked term for a type of polystyrene. Three simulation instances were simulated: an
empty cavity, a cavity with a sheet of polystyrene inside, and a cavity with a sheet of

Styrofoam inside.

Since the microwave’s magnetron tends to frequency shift during operation and the
nature of simulation only allows the observation of a field of a single discreet frequency

at a time, a sweep of frequencies had to be simulated. Hence, the model was simulated
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using a range of 500 MHz, 2.2 GHz to 2.7 GHgz, allowing for a shift of 250 MHz on
either side of the central 2.45 GHz. The frequency interval was initially set to 10 MHz,
resulting in 51 different simulation iterations. Each iteration was examined for similarity
to the measured data on the thermal paper. Additionally, another frequency sweep with

a much narrowing interval was simulated according to the results of Section[3.2.3

The simulation was carried out in FEKO, using a pure MoM solution for the cavity and
FEM for the dielectric sheet. The FEM solution relied on the direct sparse solver, as
the iterative solver would not converge. This is also why MoM was used over MLFMM.
This solver setup successfully simulated the near field data by releasing the MoM matrix
from memory before solving the FEM elements. The results of this simulation can be
found in Section

3.2.5 Results Comparison

Owing to the nature of the experiment, the results would be largely image-driven, requir-
ing a visual determination of accuracy. To aid this process, MATLAB was used to analyse

the images and provide the means to directly compare the measured and simulated data.

Initially, all the images were cropped to an exact square and then resized so they each
had an identical number of pixels. The images were then converted to double format,
resulting in a three-dimensional numerical array. Then, they were converted to grayscale,
allowing a single numerical representation of white to black colour. A threshold value
was then set. Every pixel above the threshold was set to 0, or black, and every pixel
below the threshold was set to 1, white, resulting in a binary image. Following this,
MATLAB’s image processing toolbox was used to fill in the small holes in each image that
arose from the warping of the paper and to pad each array with zeros, so they would
have a thin black border. Then the logical OR and logical AND operators were applied
to the images, to generate two images; one of which showed all possible hotspots from
all the images and the other showed the hotspots that were evident in all the images and
overlapped. The same process was applied to the FEKO generated simulation images

for a variety of frequencies and a like for like comparison was possible.

3.3 Cavity Characterisation

This section discusses the formulation of a new rectangular resonant cavity model de-
signed to ‘ideal’” specifications. A standard waveguide design was used as a starting point
for the cavity. The cavity was characterised in terms of its resonance and a frequency

sweep was simulated to determine the effects of a waveguide feed.
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3.3.1 Ideal Rectangular Cavity

A simple rectangular cavity was designed based on documented waveguide behaviour.
The rectangular waveguide was selected owing to its easy geometry, well-documented
characteristics and the fact that simulation of rectangular structures is memory inexpen-
sive owing to easy meshing. Standard waveguide WR340 [50] exhibits the characteristics
shown in Table[3.2 These were ideally suited for microwave problems.

Table 3.2: Characteristics of the WR340 waveguide.

Recommended frequency band (GHz) 2.20-3.30
Cut-off frequency of lowest order mode (GHz) | 1.736
Cut-off frequency of highest order mode (GHz) | 3.471
Dimensions [wxh] (mm) 86.36x43.18

The following equations, taken from [5I], were used to verify the waveguide cut-off

frequencies for waveguide operating in mode TE,,,.

C
L = k. 3.1

Where:
femn = cut-off frequency of mode mn [Hz|

k

cmn = Wavenumber corresponding to mode mn
a = length of waveguide in H direction, or width [m]
b = length of waveguide in E direction, or height [m)]

¢ = speed of light ~ 2.998m x -s7!

Given ¢ = 86.36 mm and b = 43.18 mm, the cut-off frequency for mode TE;y was
determined to be 1.7358 GHz and the cut-off frequency for the next mode, TEoy was
3.4715 GHz, consistent with the information in Table[3.2 The cavity itself was designed
at triple the waveguide dimensions in all directions, with the width and length being
equal. The reason behind this was to aim for a starting pattern of a 3 x 3 grid of
hotspots, a TE3p3 mode pattern. Seeing as the waveguide excited with a TEy wave
at the appropriate frequency exhibits a single central hotspot, those dimensions were
tripled to achieve nine local hotspots. The waveguide feed was positioned centrally on

the front wall of the cavity. Table[3.3 shows the final dimensions of the cavity.
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Table 3.3: Dimensions of the ideal rectangular cavity.

Cavity Waveguide
Width (mm) | 259.08 86.36
Length (mm) | 259.08 86.36
Height (mm) | 129.54 43.18

3.3.2 Waveguide Resonant Frequency

Table [3.2 shows the characteristics of the standard WR340 waveguide. In HFWorks, a
resonance study was conducted on a model of the waveguide to determine its eigenfre-
quencies. Additionally, a frequency sweep between 2.2 GHz and 3.3 GHz in CST and
FEKO was conducted to observe a near field pattern that changes with frequency within
the waveguide. Since the waveguide was excited with TE 1y mode, a single electric field
hotspot was expected to be evident in the waveguide in the H direction. The frequency
of excitation determines how the waveguide resonates, or the number of hotspots evident

along the length of the waveguide.

3.3.3 Cavity Resonant Frequency

Like the waveguide, a resonant cavity exhibits certain eigenfrequencies at which the
structure resonates naturally. Additionally, the electric near field characteristics within
the chamber are dependent on its operational frequency. The dominant resonant modes

of the cavity were determined analytically using Equation [52].

ckmni
= — 3-3
fmnl 9 . ( a)

[—_— W”ZT)Q + (”—;)2 + (?)2 (3.3b)

Where:
fmmni = cavity resonant frequency for mode TE,,,,; [Hz]
kmni = wave number corresponding to mode TE;,,,,;
c = speed of light ~ 2.998m x -s~!

a,b,d = dimensions of the cavity [m]

And




Chapter 3. Methodology 34

for a cavity containing free space. This equation can be used also for structures such as
waveguides, however, waveguides are often used as feed and hence, are not completely
bounded.

Only one of the mode numbers, which must be positive integers, can be set at zero at
a time [53]. Equation was used iteratively to determine the resonant modes in the
range of 2.2 to 2.7 GHz. This range was used as microwave ovens are centred around 2.45
GHz. The range gives a 250 MHz width on either side of this centre frequency. Addi-
tionally, this range is encompassed in the recommended range of the WR340 waveguide,
being 2.2 to 3.3 GHz. These modes are descriptive of an empty resonant cavity, as the
presence of a dielectric body within the cavity detunes the resonance and coupling within
the cavity [54]. A frequency sweep, requesting the internal near fields of the cavity with

the excited waveguide as power input, was conducted in CST and FEKO.

3.3.4 Dielectric Influence

Since the presence of dielectric media influences the resonance of a system [54], the cavity
would have to be re-examined after the addition of a body of dielectric. Since microwaves
operate best on polar molecules like water, a cylinder of water was placed centrally
inside the cavity. Thereafter, another frequency sweep between 2.2 and 2.7 GHz, again
with an excited waveguide as a feed, was conducted. Because the water can absorb the
electromagnetic energy and convert it to heat, the energy generated by the source can be
absorbed instead of reflected, so a reasonable VSWR was expected from this simulation,

making it possible to obtain the operating bandwidth of the system in terms of VSWR.

3.4 Field Manipulation

This section described the methodology used to manipulate the fields within the resonant
cavity models to move the internal hotspots. The method revolved around investigating
the effects of slight changes in frequency on the hotspots, and the effect of the feed phase
on the hotspots. To investigate the feed phase, a second excited waveguide was added
and a phase difference between the sources was introduced. The second waveguide was

added in three different orientations, as shown in Figure|3.1

The change in hotspot position was examined, instead of the complete change of field
pattern, as the investigation requires the controlled movement of a defined hotspot.
In each case, the cavity was examined empty, without any dielectric body present. If
hotspot movement could be achieved in free space, it serves as a proof of concept which

could be extended to encompassing entities of different dielectric characteristics.
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(a) Same face. (b) Adjacent faces. (¢c) Opposite faces.

Figure 3.1: Waveguide Orientations. Images adapted from CST Studio.

3.4.1 Frequency Shifting

As discussed in Section the frequency applied to a waveguide determines how it,
and subsequently the resonant cavity it feeds, resonate. The frequency of the eigenfield
determines the nature of the field pattern and the position of the hotspots. For the
model with a single excited waveguide feed, a new frequency sweep between 2.2 GHz
and 2.7 GHz was conducted with intervals of 1 MHz using the MLFMM solver in FEKO
and using the FIT and FEM solvers in CST.

The hotspot positions were observed for a range of frequency steps surrounding each of
the cavities’ dominant eigenfrequencies as well as directly between the resonant modes.
Additionally, the maximum field strength and input power were observed at each fre-
quency to determine the location of any resonant peaks. Where necessary, new simula-

tions were conducted with a finer step interval to increase precision.

3.4.2 Phase Shifting

In cases where multiple waveguide feeds were evident, the phase of each waveguide feed
could be controlled to provide a phase difference between the sources. The waveguides
could be fed in phase, exactly out of phase, or with any phase difference in between.
The geometric positions of the waveguides relative to each other could also introduce
physical phase differences. Again, a frequency shift between 2.2 and 2.7 GHz, with a
step of 1 MHz was conducted for each of the three models. Additionally, an incremental
phase difference was introduced between the waveguides with a step of 15°, starting at

0° and ending at 345°, resulting in 24 iterations, each describing a different phase shift.

The introduction of multiple phase shifts excluded the possibility of using the FDTD or
FIT solver, as only one phased feed could be simulated at a time. Therefore, only the
FEM solver in CST was used along with the MLFMM solver in FEKO. Again, each phase
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iteration at each eigenfrequency was examined, along with discreet frequency points in
between each resonant mode. For this method, the feed frequency was held constant
while only the feed phases were changed, to investigate any hotspot movement as a result

of phase shifting of the feeds.

3.4.3 Bandwidth

The frequency bandwidth at which the resonant cavity resonates was investigated. A
wide bandwidth infers that small changes in frequency around the resonant frequency
will not affect the near field pattern inside the cavity and the structure will still resonate.
A narrow bandwidth implies that if the frequency changes slightly, the near field pattern
is likely to change, or the cavity may not resonate at all. Additionally, the characteristic
modes of the empty cavity were compared to that of a cavity containing dielectric. This
investigation facilitates an understanding of the effect of dielectric bodies. The presence
of dielectric matter may shift the resonant frequency of the chamber. If the cavity can
be fed by a single frequency, and the resonant frequency of the cavity is shifted outside
the bandwidth, the cavity may not resonate when the dielectric is present. This presents
major implications to the feasibility of this investigation applying to thermal ablation

of tumours, where dielectric influence is variable and extremely important.

3.5 Software Summary

This section describes the software packages and their respective solvers used in each

section of the investigation. The information is summarised for each section.

3.5.1 Benchmark

This section entailed the comparison of the simulation results of each program for a
standard benchmark model. The default solver settings were used for each program.
SuperNEC and FEKO were both utilised with their MoM solver and CST’s frequency
domain solver, which uses FEM, was utilised, as summarised in Table |3.4 HFWorks

was not used.

3.5.2 Verification

This section entailed verifying the simulation results by comparing the near field simula-
tions to a real-world microwave oven’s measured near field data. Only FEKO was used
for this method. It was used in hybrid mode, combining its MoM and FEM solvers, as
shown in Table[3.3
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Table 3.4: Summary of the Software Used for the Benchmark Section.

Solver
Software MoM FMM FEM FDTD/FIT EME

SuperNEC °

FEKO °

CST Studio °
HFWorks

Table 3.5: Summary of the Software Used for the Verification Section.

Solver
Software = MoM FMM FEM FDTD/FIT EME
SuperNEC
FEKO ° °
CST Studio
HFWorks

3.5.3 Characterisation

This section entailed creating a new ‘ideal’ model of a resonant cavity and characterising
it. This focused mainly on resonance. For this, FEKO, CST Studio and HF Works were
used. FEKO’s MoM and MLFMM solvers were used to simulate the near fields inside the
waveguide and cavity. CST used its frequency domain (FEM) and time domain (FIT)
solvers on the cavity and HFWork performed a resonance study on the waveguide. This

information is summarised in Table[3.6

Table 3.6: Summary of the Software Used for the Characterisation Section.

Solver
Software MoM FMM FEM FDTD/FIT EME
SuperNEC
FEKO ° °
CST Studio ° °
HEFWorks °

3.5.4 Frequency Sweeping

This section entailed conducting a broadband frequency sweep of the cavity with narrow
frequency steps. Therefore, FEKO’s FMM solver, MLFMM was used as it is faster than
the MoM solver, demonstrated in Appendix CST’s frequency domain (FEM) and
time domain (FIT) solvers were used, as their simulation times are both low. Table[3.7]
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shows this data. SuperNEC and HFWorks were not used in this section.

Table 3.7: Summary of the Software Used for the Frequency Sweeping Section.

Solver
Software MoM FMM FEM FDTD/FIT EME
SuperNEC
FEKO °
CST Studio ° °
HEFWorks

3.5.5 Phase Shifting

This section involved introducing feed phase differences between multiple waveguide
sources. This eliminated all time domain solvers. FEKO’s MLFMM solver was used
instead of MoM, owing to the simulation speed, and the frequency domain solver was

used in CST Studio.
Table 3.8: Summary of the Software Used for the Phase Shifting Section.

Solver
Software MoM FMM FEM FDTD/FIT EME
SuperNEC
FEKO .
CST Studio °
HFWorks

3.5.6 Comparison

This section compared the results obtained by CST Studio and FEKO. Therefore, all
applicable solvers available to the two programs were used. HFWorks and SuperNEC

were not used as they were not the predominant programs used for the investigation.

Table 3.9: Summary of the Software Used for the Software Comparison.

Solver
Software MoM FMM FEM FDTD/FIT EME
SuperNEC
FEKO ° °
CST Studio ° °
HEFWorks
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Results

The findings of the methodology, outlined in Chapter |3| are presented in this chapter,

along with conclusions linking them to the research questions.

4.1 Software Testing

This section presents the comparison of the output from simulation in the three software
packages: CST Studio Students Edition, FEKO and SuperNEC.

4.1.1 Comparison

A standard benchmark model was created in all three software packages, as discussed in
Section |3.1, Figure shows a comparison between the results obtained by the three

software packages in the horizontal contour plane through the centre of the model.

While clearly CST Studio, Figure and FEKO, Figure yield largely identi-

cal results, the similar SuperNEC model exhibits slightly different results, as shown in

Figure

(a) CST Studio (b) FEKO (c) SuperNEC (a) (d) SuperNEC (b)

Figure 4.1: Comparison of the Centre Horizontal Plane of the Benchmark Model.
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This could be because SuperNEC must utilise a monopole feed to excite the waveg-
uide instead of a waveguide port. The difference is that a waveguide port launches a
plane wave whereas a monopole antenna does not. To rectify this, another model in
SuperNEC was created with a waveguide elongated by an extra wavelength to allow the
wave launched by the monopole to become more plane. This simulation is shown in Fig-
ure which is more like the CST and FEKO simulations, indicating the elongated
waveguide at least partly solves the problem. Note that the plane wave waveguide port
source used in the simulation is not practically realisable, it is simply a simulation device
used for ease. To realise a plane wave, the SuperNEC method of elongating a waveguide

can be used.

Important to note is the threshold used in each model. For both CST Studio and FEKO,
a colourmap maximum of 200 V/m was used, whereas in SuperNEC (a), a maximum of
75 V/m was used and in SuperNEC (b), a maximum of 15 V/m was used, indicating a
scaling difference, possibly owing to the different feed mechanisms. To verify this, the
input power and the average field strength in each simulation was checked. Table
compares these values. CST was not considered as it was deemed very similar to the

FEKO simulation based on the field pattern.

Table 4.1: Radiated Power and Mean F Field Comparison.

Mean Field (V/m) | Input Power (W)
FEKO 57.823 0.202
SuperNEC (a) 20.909 2.929 x 1073
SuperNEC (b) 11.600 8.511 x 10~*

FEKO and SuperNEC both produced an output file from which necessary data was
easily extracted. The table clearly shows the impact of the feed mechanism, as there
are different mean values and radiated power values for each simulation. It was also
able to consider the power and field ratios of each simulation. The FEKO to SuperNEC
radiated power ratio could be calculated by simply dividing FEKO’s radiated power by
NEC’s. Since voltage has a square relationship with power, to compute the electric field

ratios, FEKOQO’s average electric field was divided by NEC’s and squared.

This yielded a FEKO to NEC radiated power ratio of = 69 : 1 and an average electric field
ratio of &~ 7.6 : 1 for SuperNEC (a), indicating the power-to-voltage ratio of ~ 9.1 : 1.
For SuperNEC (b), the FEKO to NEC power ratio was =~ 238 : 1 and the average electric
field ratio was &~ 24.8 : 1, indicating a power-to-voltage ratio of &~ 9.6 : 1. In both cases
the value was between 9 and 10, demonstrating the clear scaling factor implicit in the

feed mechanism.
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(a) CST Studio (b) FEKO (¢) SuperNEC

Figure 4.2: Comparison of the 3D Iso-Surface of the Benchmark Model.

Figure[4.2 shows the ‘hotspots’ of the field using the inherent iso-surface plotter in CST
and FEKO and the written MATLAB program for the NEC result. Again, it is apparent
that CST Studio and FEKO yield the same result, whereas SuperNEC simulates a dif-
ferent one, despite the elongated waveguide. It appears the resonance in the SuperNEC
model is slightly shifted, yielding a slightly different field pattern, again possibly owing
to the feed method. Additionally, the iso-surface threshold value for both CST and
FEKO was set to 180 V/m, whereas in SuperNEC was set to 18 V/m, highlighting again

the scaling differences.

Hence, it was concluded to proceed with only CST Studio and FEKO as simulation plat-
forms for the remainder of the investigation owing in part to the comparative simplicity
of editing the model’s geometry, and to the apparent ‘tweaking’ required in SuperNEC

to match the simulation results.

4.2 Verification

The results of the methodology used to verify the simulation are presented. The actual
electromagnetic fields inside the microwave oven were compared with the simulated fields
inside the model in FEKO.

4.2.1 Microwave Oven

The model of the microwave oven, created in Autodesk Inventor and imported to FEKO,
then meshed and solved, is shown in Figure which also shows the 3D iso-surface
hotspots at 2.45 GHz within the cavity. The iso-surface threshold value was set to 25%
of the maximum, resulting in 150 V/m. The geometry shown is an approximate depiction
of the inner cavity. The outer casing was not included as the inner cavity is completely
bounded.

To measure the model, the outer casing was removed from the microwave and the internal

cavity dimensions were measured as accurately as possible, after which the CAD model
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(a) Microwave Geometry and Mesh in FEKO.  (b) Simulated Hotspots in the Microwave.

Figure 4.3: The Microwave Geometry and Simulated Hotspots at 2.45 GHz in FEKO.
Images exported by FEKO.

was created. Certain features, such as the curved edges, had to be removed from the
CAD model to allow for a reasonable mesh density, so the solver matrix did not exceed

available memory.

4.2.2 Microwave Oven Fields

As described in Section the near field pattern inside the microwave oven was de-
termined by using thermal paper attached to a slab of polystyrene and dampened with
water. Multiple tests were conducted and Figure[4.4 shows the results of the three clear-
est iterations. The figure is orientated with the bottom of the images corresponding to
the front of the microwave oven, by the door, and the right of the images corresponding
to the waveguide port. Each slab was heated for 30 seconds in the microwave. Slight
variation in the results occurred owing to the slight variation in the operating frequency

of the magnetron as well as at the random warping of the paper when wet.

The images were then imported into MATLAB to undergo image processing to create
square binary images. The binary images corresponding to the images in Figure
are shown in Figure[£3 The logical OR and AND operations were then applied to the
images, yielding the results in Figure[4.6

4.2.3 Operating Frequencies

The operational frequency range of the microwave oven was determined by measuring its
electromagnetic leakage in a shielded anechoic chamber. The microwave was tested with
a glass of water in it and with the slab of polystyrene in it to examine the shift when an

absorbing body was present and to simulate the conditions of hotspot measurement.
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Figure 4.4: The near fields inside the microwave oven as shown on thermal paper.

Figure 4.5: Process Binary Images of the Measured Near Field.

b

(a) Logical OR Operator (b) Logical AND Operator

Figure 4.6: Logical Operations on the Binary Images.
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Figure 4.7: Microwave Leakage with a Glass of Water.

Since the power spikes would shift through frequency, the spectrum analyser was set to

trace and hold the maximum value of the envelope instead of a continuous sweep.

Multiple microwave orientations were used, and multiple iterations of resolution band-
width (RBW) were used on the spectrum analyser. The tests where the front of the
microwave was facing the LPDA and an RBW of 300 kHz was used yielded the clearest
results. The frequency range was set to 2.25-2.75 GHz, centred around 2.5 GHz as this
was simply easier to set up than 2.2-2.7 GHz. These results are shown in Figures
and

There are multiple frequencies at which the microwave oven operates. It was noted
that when the glass of water was present in the microwave, the operational frequency
underwent more change than when the polystyrene was placed within the oven. This
resulted in a much narrower operational frequency band when only the polystyrene
was present. Additionally, the glass of water heated up, indicating it was absorbing
microwave energy, whereas the polystyrene sheet did not, meaning it did not absorb the
microwave energy and convert it to heat. Instead, with the polystyrene, the top and

sides of the oven became quite warm.

From the images, it was determined that with the presence of a dielectric body, the
microwave operates anywhere between 2.43 GHz and 2.48 GHz, but predominantly in
the range of 2.46-2.48 GHz. There was a minor spike in the 2.40-2.41 GHz range, which
could be an outlier from other sources as it does not appear consistently. Without an
absorbing body, the operational frequencies are localised entirely to the 2.46-2.47 GHz
range. Therefore, in FEKO, the range of 2.4-2.5 GHz was simulated with a frequency
increment of 1 MHz to try to pinpoint the pattern at the operational frequencies while

providing some leeway on either side of the measured band.
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Figure 4.8: Microwave Leakage with a Sheet of Polystyrene.

4.2.4 Simulated Fields
Setting up Model and Solver

Since the empty cavity itself has a complicated geometry, even after removing the small,
curved edges and insignificant geometric features, the attempts to speed up simulation
time by using MFLMM instead of pure MoM failed because the iterative process would

not converge, even when allowing for additional stabilisation.

Multiple runs were performed to account for the presence of the dielectric body inside
the microwave: the lack of any dielectric, the presence of a polystyrene sheet, and the
presence of a Styrofoam sheet. With the addition of the dielectric, an entirely MoM
solution proved to be problematic owing to impractical memory requirements. The
simulation required too much memory and needed to allocate out of core memory on

the hard drive to solve the problem, which was not supported for dielectric solvers in
FEKO.

Pairing MoM with FEM by solving the structure using MoM and the dielectric using a
decoupled iterative FEM solver, as described in [55], did not work as the FEM iterations
would not converge. The final solution was obtained by coupling the MoM solution of
the cavity with the FEM dielectric solver utilising the direct sparse solver instead of an
iterative process. Coarse meshing was required to remain within memory allocation and

the MoM matrix had to be released from memory before the dielectric could be solved.

Results

Several simulated frequency points contained hotspots that corresponded to the mea-
sured hotspots as expected. The most applicable range was between 2.44-2.5 GHz range,
which is consistent with the measured data in Figures and[4.8 There were four major
patterns evident within this range. These were best presented at 2.442, 2.459, 2.489 and
2.497 GHz. The corresponding patterns are shown in Figure[4.9 For these simulations,
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(a) 2.442 GHz (b) 2.459 GHz (c) 2.489 GHz (d) 2.497 GHz

Figure 4.9: Simulated Operational Fields inside the Microwave Oven for 2.4-2.5 GHz
with Styrofoam as a Dielectric.

(a) 2.33 GHz (b) 2.35 GHz

Figure 4.10: Simulated Operational Fields inside the Microwave Oven for 2.33-2.35 GHz
with Polystyrene as a Dielectric.

Styrofoam was the dielectric that appeared most similar to the measured results.

Incidentally, another set of frequencies were found that matched the measured data,
however, they fell outside the range of 2.4-2.5 GHz. They were 2.33 and 2.35 GHz.
Additionally, these patterns resulted from the polystyrene simulation, not the Styrofoam.
These patterns are shown in Figure[4.10 It is possible that the dielectric characteristic

shifted the resonant frequencies such that the operational range lowered.

4.2.5 Comparison

To compare the results, the FEKO simulations were processed in MATLAB in a similar
fashion to the photographs. They were imported, resized, converted to double format,
converted to grayscale, made binary around a threshold of 0.5 and padded. The logi-
cal OR operator was then applied to all the images. This was compared to the binary
OR image of the measured data in Figure The images appear similar and exhibit
hotspots in largely the same areas, enough to verify the simulation package. Through-
out the process of verifying the results, some inherent error was always present, which
accounts for the slight discrepancy in Figure[£.11] This is discussed in Section
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(a) Styrofoam within Range. (b) Measured Image. (c) Polystyrene outside Range.

Figure 4.11: Comparison of the Simulated and Measured Binary Images.

4.2.6 Error

The slight error between the measured and simulated fields could be attributed to several

reasons.

Simulation

When developing the CAD model of the microwave oven, slight error owing to approx-
imating the dimensions could have resulted. Only a ruler and measuring tape were
used to measure the dimensions of the oven which can be inaccurate on curved surfaces.
Additionally, the interior geometry of the microwave was difficult to measure owing to
access restrictions. It is difficult to fit and manoeuvre measuring equipment inside the
cavity. This was mitigated as much as possible by removing the microwave casing and
measuring the external and internal dimensions in multiple locations. Additionally, all
indents in the microwave walls were measured by marking a spacer placed inside the

indents to allow for easier measurement.

The metal of the cavity in FEKO was modelled as a Perfect Electrical Conductor or
PEC. A good conductor, such as the metallic walls of a microwave oven, are characterised
by very large electric conductivity [24]. PEC’s are characterised by essentially infinite
electric conductivity, with the additional boundary condition of n x E = 0, meaning the
tangential electric field component on the surface of the conductor is zero [56]. Therefore,
the microwave oven walls are not a PEC, as it has a finite, albeit very high, conductivity;

however, conventionally, electromagnetic simulation models metal as a PEC.

Lastly, in the model, all slight smooth curvatures on the edges in the microwave had to
be removed and replaced by corners. This is because the mesh on the fully curved model
was incredibly fine around the curvature resulting in infeasible memory requirements and

simulation time. Therefore, only the major curvatures were left smooth and the minor
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smooth, curved edges were replaced by sharp corners. By and large, this alteration was
considered negligible to the overall pattern, as the bevels that were removed were all
under the tenth-of-a-wavelength design convention in their curvature, resulting only in
slight scattering at the sharp edges of the cavity. Given that for many programs, the
model mesh sizes, as a rule of thumb, are maximally limited at A/10, it is possible that

the curvatures would not be evident in the mesh structure anyway.

Measurement

As with many measurements, there is always some degree of inherent error involved.
Since two methods of measurement were used in this investigation, there were two areas
of potential measurement error. These were the measuring of the operational frequencies
of the microwave oven and the measuring the hotspots within the microwave, each with

their respective errors.

To minimise measurement error while measuring the operating frequencies of the mi-
crowave, the tests were conducted in the shielded anechoic chamber at Wits. This elim-
inated interference from outside sources and unwanted reflection off the walls. However,
because the microwave’s ‘start’ button had to physically be pressed, I had to remain in
the chamber during the measurement process, meaning the door had to remain slightly
ajar. This could have potentially introduced interference from outside sources like WiFi
and Bluetooth devices outside the chamber. Again. this error was deemed negligible as

the interference signal would be tiny compared to the microwave energy from the oven.

Lastly, the investigation was to determine the field pattern inside the microwave. The
method to determine the operating frequencies of the oven measured the external leakage
of the oven. The safety features that keep the field as contained as possible could have

interfered slightly with the resulting leakage spectrum.

The error of the near field testing method was largely owed to the frequency shifting
of the magnetron. The phenomenon led to largely unrepeatable results. Additionally,
the thermal paper appeared to exhibit the microwave heating effect and hence, turn
dark, more when the wet paper was in contact with the polystyrene, instead of raised
above it. Since the paper warped randomly when wet, this introduced an additional
element of inconsistency. To mitigate these errors as much as possible, the experiment

was conducted multiple times.

4.2.7 Conclusion

It has been demonstrated that the FEKO simulation exhibited similar hotspots to the

actual microwave at a frequency range of 2.44-2.49 GHz, despite the documented in-
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consistency of microwave resonant field patterns. It was concluded that FEKO is an
acceptable, accurate simulation platform for resonance problems consisting of near field
pattern simulations bounded by a resonant cavity. Given that CST Studio and FEKO
produce the same output for similar problems, as demonstrated by Figure it was
concluded that both CST Studio and FEKO are appropriate.

4.3 Cavity Characterisation

The characterisation of the new ‘ideal’ model, its resonance characteristics and the effects

of a dielectric on the field are presented in this section.

4.3.1 'Waveguide Resonator

As discussed in Section the resonance of the WR340 waveguide was determined
analytically, a resonance study in HF Works and using a frequency sweep in CST Studio
and FEKO. To examine the resonance of the waveguide structure in isolation, the waveg-
uide was bounded or enclosed, to become its own resonant cavity. Using Equation
in Section it was found that the WR340 has only one dominant characteristic
mode between the frequencies of 2.2 ad 3.3 GHz, which is at 2.4547 GHz, corresponding

to wavenumber 51.4461 and mode TEq1p; in three dimensions.

The resonance study conducted in HFWorks agreed with the analytic data. The study
calculated the first 10 modes of the system. Table[L.Z shows the frequency at which the
first 5 modes occur. The first resonant mode is at =~ 2.454 GHz, followed by the second
at ~ 3.877 GHz, outside of the range of 2.2-3.3 GHz. Modes 3-5 also clearly refer to
the same frequency as mode 2. The resultant electric field from mode 1 is shown in

Figure[4.12, simulated by HFWorks. The expected singular column is present.

Table 4.2: Resonant Modes of the WR340 Waveguide.

Mode Index | Frequency (GHz)
Mode 1 2.4539
Mode 2 3.8769
Mode 3 3.8771
Mode 4 3.8787
Mode 5 3.8799

Additionally, a frequency sweep of the closed waveguide with a waveguide feed on the
one end was conducted in CST Studio and FEKO. The results, shown in Figure
show that the clearest, symmetrical hotspot was evident at 2.45 GHz, as expected,

corresponding to the first resonant mode. Also, the near fields at 2.2, 3.3 and 2.7 GHz
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(a) No clipping (b) Iso clipping

Figure 4.12: Electric Field from the Resonant Study of the Bounded WR340 Waveguide.

(a) 2.2 GHz (b) 2.45 GHz (c) 2.7 GHz (d) 3.3 GHz

Figure 4.13: Excitation of a Bounded WR340 Waveguide with Different Frequencies.

are shown. This demonstrates that between 2.2-2.7 GHz, the dominant mode is indeed
TE1p, as there is a single major hotspot evident in the waveguide. At 3.3 GHgz, it
appears like TEqg starts becoming more dominant, indicating 2.2-2.7 GHz was the ideal

frequency range for the waveguide.

4.3.2 Cavity Resonance

The frequency sweep of the ideal cavity between 2.2 and 2.7 GHz yielded many differ-
ent patterns. Technically, the ability of the cavity to resonate relies on the waveguide
resonator, as the waveguide feeds the cavity and hence, must resonate itself. Therefore,
the cavity is bounded by the same frequency limitations as the waveguide. However,

enclosed cavities have their own natural resonant frequencies which can be described by
Equation in Section

The dominant resonant mode will tend towards the mode number combination where
at least one mode number is zero [57]. Table[4.3 shows all 18 resonant modes that fall
within the frequency range of 2.2-2.7 GHz for the selected cavity geometry.
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Table 4.3: Resonant Modes of Cavity between 2.2 and 2.7 GHz

Frequency (GHz) | Wave Number TE Mode

2.3856 49.9966

2.4547 51.4461

2.5875 54.2289

2.6514 55.5681

NN == NN == OO N O N DN | — O‘O 3
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This table was generated by MATLAB which iteratively selected each mode combination
that resulted in a resonant frequency that fell in the frequency range. m, n and [ are
integers that represent the radial, angular and longitudinal mode orders respectively.
As shown, many TE modes can be represented by a single frequency and wavenumber.
This could be because each dimension of the cavity is not unique, with the length and
the width being equivalent, as noted in Table[3.3 Since length and width are equal in
the model, mode parameters m and [ are effectively interchangeable in the calculation

in Equation , creating some ambiguity in the mode numbers.

The modes can be visualised as how many hotspots are evident in each direction. The
m dimension refers to the H direction of the waveguide, or the width of the cavity. The
n direction is the E direction of the waveguide, or the height of the cavity, and [ refers

to the length or depth of the cavity.

The table shows the natural resonant frequencies of only the closed cavity, so when
the cavity is fed with a rectangular waveguide, the geometry is slightly altered, so the
resonant frequencies of the system can be expected to change slightly. To calculate the
natural resonance of the system consisting of the cavity and the waveguide, the analytical
solution becomes trickier and software packages were used to find the resonant peaks

through simulating the internal electric near fields of the system.
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(a) CST Studio Isosurface. (b) FEKO Isosurface.

Figure 4.14: E-Field Pattern of the Cavity at 2.386 GHz, exhibiting Mode TE;q4.

(a) CST Studio Isosurface at 2.455 GHz. (b) FEKO Isosurface at 2.454 GHz.

Figure 4.15: E-Field Pattern of the Cavity exhibiting Mode TEgq3.

Figures [4.14, [4.15] and [£.16] show the 3D electric field within the resonant cavity at the
approximate frequencies at which its various characteristic modes were expected to be
found in both CST Studio and FEKO. For Figure[£.14 at 2.386 GHz, mode TE04 can
clearly be seen. In Figure[4.15 2.454 and 2.455 GHz, mode TEsq3 is clearly observed. In
this case, CST Studio and FEKO exhibited this pattern 1 MHz apart from each other.

At 2.588 GHz, no clear resonant mode that matched any of the expected modes from
Table[3.3 was found. Figure[£.16, at 2.651 GHz, clearly shows mode TEj22 as expected.

These simulations also reinforce that the programs CST Studio and FEKO yield the
same results. In CST Studio, the standard FEM Frequency Domain solver was used and
in FEKO, MLFMM was used.

4.3.3 Bandwidth

Because the cavity is an empty closed structure, there is nothing to ‘absorb’ the mi-
crowave energy, meaning a large amount of energy will be ‘reflected’ towards the mi-

crowave source. This means that the VSWR is always going to be high and trying to
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(a) CST Studio Isosurface. (b) FEKO Isosurface.

Figure 4.16: E-Field Pattern of the Cavity at 2.651 GHz, exhibiting Mode TEq9s.

determine the resonant frequency and bandwidth based on classic VSWR < 2 is im-
practical. Instead, the bandwidths of the eigenfrequencies, in Table[4.3 were determined
based on how ‘narrow’ the frequency band was in which each mode presented. In other
words, how much could the frequency be shifted and still be within the resonant peak?

The bandwidth was found to be very narrow.

Frequency intervals of 100 kHz on either side of the found resonant peak were examined.
This was a very fine frequency interval considering the frequency range, which is in the
GHz. CST Studio has a function to plot the maximum absolute electric field strength
of each simulated frequency on a 1D graph. This result lends visualisation for the
location of the various resonant peaks. Figures[4.17and present the findings of this
investigation. Note that the plots have been cut off at the top, as the resonant peaks
dwarf the rest of the data. Figure plots the global maximum field value at each
simulated frequency, while Figure[4.18 plots the accepted power for the frequency range.
Three resonant peaks were found in this frequency range. Additionally, the bandwidth
of each of these peaks is very narrow. CST Studio could not simulate a finer interval

than 100 kHz, so FEKO was used to investigate the individual resonant peaks.

Figure[4.19 shows the radiated power across the full frequency range. The initial simula-
tion was conducted with an interval of 1 MHz. As shown, there is a clear resonant peak
just after 2.65 GHz, corresponding to the 4th characteristic mode of the system. Modes
1 and 2 were not visible and mode 3, as discussed, was not presenting. A finer frequency
interval of 50 kHz was simulated over the expected region of modes 1 and 2. These
results were added to the graph and are shown as the green and red spikes, respectively.
Unlike mode 4, these peaks are so narrow, they appear almost anomalous. Therefore, an
even finer simulation with a resolution of 10 kHz was conducted over those modes. Each

simulation was examined individually. These simulations are shown in Figure [£.20,
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Figure 4.17: Maximum E-field value across the Frequency Range in CST Studio.

Figure 4.18: Accepted Power across the Frequency Range in CST Studio.
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Figure 4.19: Radiated Power across the Frequency Range in FEKO.
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Figure 4.20: Radiated Power at the Characteristic Modes in FEKO.
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Figure 4.21: VSWR of Cavity with Water in CST Studio.

Figure[4.20 shows how narrow the bandwidth of the two modes is. In each case the entire
horizontal axis represents 400 kHz. Therefore, the bandwidth of the peaks is ~ 100 kHz,
which is tiny in the microwave frequency spectrum. Each simulation comprised 41 data
points, so the peaks are not numerical anomalies. At mode 4, in CST Studio, the
bandwidth was = 200 kHz, however, in FEKO, there appears to be a peak with many
oscillations over about 10 MHz, indicating an inconsistency in the solver methods at
that characteristic mode. This inconsistency could indicate a numerical anomaly in
CST, or it could indicate that the peak resides in a slightly different frequency range
depending on the solver method and hence, was not discovered by FEKO. Regardless,

this demonstrates the incredible fine bandwidth of the resonance in the cavity.

4.3.4 Dielectric Influence

An investigation was conducted into the effect of a dielectric body on the resonance
within the chamber. A new frequency sweep with the presence of a water cylinder was
conducted in CST Studio. The VSWR, accepted power and maximum electric field

strength were examined.

Since the water absorbs the electromagnetic energy, the VSWR, was kept to a reasonable
value at some frequencies, with a minimum of 1.975 and 2.286 GHz, as shown in Fig-
ure[4.21] The maximum accepted power of 0.446 W was also evident at this frequency,
shown in Figure For this simulation, all accepted power was absorbed by the di-
electric. A new maximum electric field strength graph was generated and the results
presented in Figure This shows a maximum electric field intensity at 2.313 GHz,
which corresponds approximately with the minimum VSWR and maximum accepted

power. At 2.634 Ghz there is also an area of high field strength.
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Figure 4.22: Accepted Power of Cavity with Water in CST Studio.

Figure 4.23: Maximum Electric Field of Cavity with Water in CST Studio.
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Firstly, it is clear to see that the presence of the dielectric severely influences the be-
haviour of the eigenfield. Power in this case is absorbed, which warps and changes the
resonance. This is initially evident from the complete lack of resonant peaks in the fre-
quency sweep conducted. Additionally, the system is most ‘stable’ at 2.286 GHz, which
does not correspond to any of the resonant peaks of the empty cavity or the previously

calculated characteristic modes.

Figure [4.24 presents the results of an investigation into the effects of a dielectric on the
near field pattern within the system. For this investigation, the near fields were examined
with and without the presence of water. Additionally, the instantaneous electric field
strength was compared to the average electric field strength. This investigation essen-
tially involves the Poynting Vector, which described the directional energy flux vector of
an electromagnetic field. The instantaneous Poynting Vector describes an instantaneous
power flow resulting from an instantaneous electric and magnetic field pair. Because the
cavity was fed essentially with a sinusoidal signal of a given frequency or set of frequen-
cies, there would be an instantaneous Poynting Vector for each phase of the sinusoid.
In practice, the time averaged Poynting Vector is used because the sinusoid oscillates

continuously, causing the vector to likewise oscillate.

The significance of the presence of dielectric material in an instantaneous field is that the
dielectric would interact with the instantaneous field. Because of the complex permittiv-
ity of water, the interaction would imply an imaginary component, j, being multiplied
by the instantaneous field, which would contain both real and imaginary components.
This would result in real components of the field becoming imaginary and the imaginary
parts becoming real. This is the phenomenon that results in heating from the microwave
heating effect discussed in Section

Figure shows the instantaneous interaction of the field with the water. For the
images on the right, without water, the field pattern itself does not change when the
instantaneous phase is changed. The absolute field strength simply increases or de-
creases. Therefore, the average electric field pattern is identical for each iteration of
instantaneous phase, with average absolute strength. The images on the left have water
in them. In those images, the field pattern itself changes slightly when the instantaneous
phase changes. This is because both the magnitude and direction of the instantaneous
field are affected by the complex dielectric, water. The average electric field is then of
average field strength and the average field pattern. The complex permittivity of water
also explains why the instantaneous absolute electric field strength with water is highest

when the strength without water is lowest.

From this, it can be concluded that the resonance within resonant cavities is very sensi-
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(a) Average with water. (b) Average without water.
(c) 0° Instantaneous with water. (d) 0° Instantaneous without water.
(e) 45° Instantaneous with water. (f) 45° Instantaneous without water.
(g) 90° Instantaneous with water. (h) 90° Instantaneous without water.
(i) 135° Instantaneous with water. (j) 135° Instantaneous without water.

Figure 4.24: Comparison of Near Fields With and Without Water in the Cavity.
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tive to the presence of dielectrics, which may completely change the system characteris-
tics. Thus, the resultant fields obtained from one body of dielectric will not match the

resultant fields in the presence of a different dielectric.

4.4 Hotspot Manipulation: Frequency Shifting

Given the many different patterns in simulation over the large frequency band, as evi-
denced by the resonant modes and eigenfrequencies, an investigation was conducted to
observe the change in field pattern based on small changes in input frequency, again over
a frequency range of 2.2 - 2.7 GHz. Given the very narrow bandwidth of the character-
istic modes of the cavity, these discreet frequencies were infeasible to investigate. It was
noted, however, from Figure [£17 that from about 2.52 GHz until 2.7 GHz, the maxi-
mum field strength was relatively steady and smooth, with only the single characteristic
mode at 2.6522 GHz evident within the range. Upon examination of the field patterns
in the frequency band, the range of 2.6 - 2.7 GHz was selected for examination, as clear

hotspot movement was evident.

4.4.1 2.6 - 2.7 GHz

In the model, the frequency span of 2.6 to 2.7 GHz exhibits a pattern with relatively
high resilience, as the pattern itself does not change much, the hotspots are only shifted,
as shown in Figure The hotspots midway through the cavity move left to right

with frequency, away from the waveguide.

A 1D line was calculated through the top hotspot from wall to wall within the cavity
and the magnitude plotted in Figure In the plot, the waveguide sits to the right
of the graph, with the middle local maxima showing the distance of the central hotspot

along the z-axis from the front wall. The hotspot shifts progressively through frequency.

In MATLAB, the position data of the local maximum was plotted against frequency and

a line of best fit was generated using the polynomial fitting function with first and

(a) 2.6 GHz (b) 2.7 GHz

Figure 4.25: Longitudinal Contour of Near Field Pattern at 2.6 and 2.7 GHz.
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Figure 4.26: Plot of Field Magnitude through Top Hotspot from 2.6 GHz to 2.7 GHz.

Figure 4.27: Position of Maximum along Z-Axis from Waveguide against Frequency.

second order polynomials. This plot is shown in Figure[4.27 The position data is rather
stepped and uneven, with ‘flat’ sections of the curve and as such, no first or second order
polynomial fits the curve well, therefore the nulls, which are far sharper, were tracked.

The nulls are demarcated as ‘First Null’ and ‘Second Null’ in Figure[£.25 These graphs
are shown in Figures and

When the nulls are tracked, the data fits very well to both first and second order polyno-
mials, particularly the first null. This clearly shows that the hotspot moves progressively

with frequency in the range of 2.6 to 2.7 GHz.
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Figure 4.28: Position of First Null along Z-Axis from Waveguide against Frequency.

Figure 4.29: Position of Second Null along Z-Axis from Waveguide against Frequency.
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4.5 Hotspot Manipulation: Phase Shifting

To investigate the influence of feed phase on hotspot placement, three models were
created with various waveguide orientations, as shown in Figure[3.1] with waveguides on
the same face, adjacent faces and opposite faces. The field patterns at each of the four
resonant frequency modes, described in Section were examined, along with three
frequencies that lay in between these modes. For each of these cases, a phase shift was
introduced iteratively between the sources, spanning 0° to 345°, with intervals of 15°.
The presented simulations were all conducted in CST Studio owing to faster simulation
time. The results were all corroborated by FEKO simulations. Table summarises
the frequencies used in each model in CST Studio. All images of the field patterns are
displayed as a 2D contour coloured display where possible and as a 3D iso-surface where

more appropriate.

Table 4.4: Frequencies at which Phase Shift was Examined.

Model Frequencies (GHz)
Resonant Modes Other Frequencies
Same Wall 2.3861 | 2.4478 | 2.5889 | 2.6513 | 2.4190 | 2.5010 | 2.6350

Adjacent Walls | 2.3870 | 2.4550 | 2.5880 | 2.6440 | 2.3850 | 2.4210 | 2.6350
Opposite Walls | 2.3870 | 2.4558 | 2.5880 | 2.6535 | 2.4210 | 2.4990 | 2.6350

4.5.1 Same Face
Resonant Modes

Initially, the model was simulated at its resonant mode frequencies calculated in Sec-
tion[4:3:2 and the hotspot positions analysed for each iteration of 15° of phase. At 2.3861
GHz, or mode TEjg4, shown in Figure the hotspot positions themselves did not
change much through phase, except around 180°, where the single row of wide columns
transforms into two rows side by side, as expected because analytically, there is 0V down

the centre if the sources are exactly out of phase.

The pattern is mirrored around 180° and the central axis. Therefore, 270° produces a
mirror of 90°, 240° produces a mirror of 120° etc. A key difference is that the absolute
maximums in the field decrease in intensity drastically. If the iso-surface threshold that
allows the hotspots to be seen at 180° is used at 0°, almost the entire cavity becomes
a hotspot. Therefore, the hotspot positions at this frequency did not change by any
material amount when the phase is increased from 0° to 180° until they disappear owing
to the feed phase mismatch. The hotspots appear again gradually when the phase is

increased from 180° to 360°.
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(a) 0° phase shift. (b) 60° phase shift.  (c) 120° phase shift.  (d) 180° phase shift.

Figure 4.30: The Effect of Feed Phase at 2.3861 GHz for the Same Face Model.

(a) 0° phase shift. (b) 60° phase shift.  (c) 120° phase shift.  (d) 180° phase shift.

Figure 4.31: The Effect of Feed Phase at 2.4478 GHz for the Same Face Model.

The same is true for the mode TE3p3 at 2.4478 GHz, shown in Figure[4.31] and for mode
TEop4 at 2.6513 GHz, in Figure The hotspots do not change position until they
disappear and then reappear again. At 2.4478 GHz and 180°, the pattern is almost
identical to the pattern evident at 2.3861 GHz.

At 2.6513 GHz, however, the hotspots at 180° are in the same positions as they are
throughout all phase and are only at a much lower magnitude. At 2.5889 GHz, shown
in Figure the field behaves differently. The resonant mode TEsy, is only evident
when there is a 180° phase shift between the sources. In this instance, as the phase
shifts away from 180° to 0° and 360°, the hotspots disappear. In this case, the inverse
of the previous two modes occurs, with the hotspots becoming more pronounced the
closer to 180° the phase shift becomes. Again, the absolute maximum changes such that
in essence, the hotspots cannot be tracked as they simply disappear. Therefore, at all
the resonant modes evident in the system, the introduction of phase difference has no

impact on hotspot placement, only on the field intensity.

Other Frequencies

At 2.419 GHz, a similar situation occurs where the hotspot positions do not undergo
substantial change with source phase difference. The field intensity simply drops. This
is shown in Figure[4.34 At 2.501 GHz, in Figure[4.35 there is a very slight movement
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(a) 0° phase shift. (b) 60° phase shift. ~ (c) 120° phase shift.  (d) 180° phase shift.

Figure 4.32: The Effect of Feed Phase at 2.5889 GHz for the Same Face Model.

(a) 0° phase shift. (b) 60° phase shift.  (c) 120° phase shift.  (d) 180° phase shift.

Figure 4.33: The Effect of Feed Phase at 2.6513 GHz for the Same Face Model.

of the hotspot closest to the sources towards the leading waveguide, but the movement
is negligible compared to the drop in field intensity through phase shift. At 2.635 GHz,
the field intensity does not drop when the phase difference is altered, nor is there any
evident hotspot movement. Instead, the hotspot configuration at 0° blends gradually
into a completely new configuration at 180° phase difference, exhibiting no linear hotspot
movement, as shown in Figure [4£.30f Again, the conclusion can be drawn that the
introduction of a phase difference does not move the position of a hotspot. Even at
2.635 GHz, where the placement is altered. In this case, the entire orientation of the

hotspots is altered, which does not allow for controlled movement of the hotspot.

(a) 0° phase shift. (b) 60° phase shift.  (c) 120° phase shift.  (d) 180° phase shift.

Figure 4.34: The Effect of Feed Phase at 2.419 GHz for the Same Face Model.
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(a) 0° phase shift. (b) 60° phase shift. ~ (c) 120° phase shift. ~ (d) 180° phase shift.

Figure 4.35: The Effect of Feed Phase at 2.501 GHz for the Same Face Model.

(a) 0° phase shift. (b) 60° phase shift.  (c) 120° phase shift.  (d) 180° phase shift.

Figure 4.36: The Effect of Feed Phase at 2.635 GHz for the Same Face Model.

4.5.2 Adjacent Faces
Resonant Modes

Again, the four resonant modes were investigated first. At 2.387 GHz, mode TEjgq is
evident. When the phase is shifted, almost no change in hotspot position is observed.
The patterns at 0°, 60°, 120° and 180° are almost completely identical, as seen in

Figure

At 2.445 GHz, TE3p3 mode is evident when 0° phase difference is applied, shown in
Figure[4.38 When the phase shift is altered, the hotspots do not disappear but transform
gradually into mode TEj9;, which is fully evident at 180° phase. This can be seen in
Figure[4.3§ These patterns, being representations of two different characteristic modes,
are radically different, making it difficult to track the position of a single hotspot through
phase. Rather, nine horizontally spaced, ‘column’ shaped hotspots transform into two

vertically stacked, ‘sheet’ like hotspots.

At 2.588 GHz, there is a central hotspot in evidence, which changes size very slightly
around its central position when the feed phase is changed, with no evidence of meaning-
ful hotspot movement, as shown in Figure[£.39 At 2.644, displayed in Figure [4.40, the
hotspot configurations change completely when the input phase difference is changed.

No movement of a single hotspot is evident.
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(a) 0° phase shift. (b) 60° phase shift.  (c) 120° phase shift. ~ (d) 180° phase shift.

Figure 4.37: The Effect of Feed Phase at 2.387 GHz for the Adjacent Face Model.

(a) 0° phase shift. (b) 90° phase shift. (c) 180° phase shift.

Figure 4.38: The Effect of Feed Phase at 2.455 GHz for the Adjacent Face Model.

(a) 0° phase shift. (b) 60° phase shift.  (c¢) 120° phase shift.  (d) 180° phase shift.

Figure 4.39: The Effect of Feed Phase at 2.588 GHz for the Adjacent Face Model.

(a) 0° phase shift. (b) 60° phase shift. ~ (c) 120° phase shift.  (d) 180° phase shift.

Figure 4.40: The Effect of Feed Phase at 2.644 GHz for the Adjacent Face Model.
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(a) 0° phase shift. (b) 60° phase shift.  (c) 120° phase shift.  (d) 180° phase shift.

Figure 4.41: The Effect of Feed Phase at 2.385 GHz for the Adjacent Face Model.

(a) 0° phase shift. (b) 60° phase shift.  (c) 120° phase shift.  (d) 180° phase shift.

Figure 4.42: The Effect of Feed Phase at 2.421 GHz for the Adjacent Face Model.

Other Frequencies

At 2.385 GHz, the field pattern transitions between two configurations, which are ef-
fectively duplicates of the same pattern, oriented perpendicular to each other at 0° and
180° feed phase shift. Looking at the 60° seen in Figure[4.41] the perpendicular patterns

undergo no hotspot movement before they rotate at 90°.

At 2.421 GHz, the hotspot configuration changes when the phase is altered, as seen in
Figure[4.42 There is some gradual movement of a hotspot, demarcated by the black box.
The hotspot changes position, moving to the left when the phase difference is increased
to 180°. However, the hotspot does not keep its shape the entire time and is not a major
hotspot. The same movement occurs between 180° and 360° for the hotspot outlined in

white, though this progression is not depicted.

At 2.635 GHz, there are two hotspots stacked vertically in the centre of the cavity. These
hotspots do not move through phase but change size as the field intensity changes. They
are at their maximum at 90° phase shift between the sources and at their minimum at 0°
and 180° phase between the sources. As seen in Figure [£.43, the contour plane pattern
through the cavity is almost identical at 0°, 60°, 120° and 180° phase.
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(a) 0° phase shift. (b) 60° phase shift.  (c) 120° phase shift.  (d) 180° phase shift.

Figure 4.43: The Effect of Feed Phase at 2.635 GHz for the Adjacent Face Model.

4.5.3 Opposite Faces
Resonant Modes

At 2.387 GHz, the characteristic TEqg4 pattern was evident at 180° phase shift between
the waveguides, because the sources were facing each other and hence, were in a 180°
‘geometric’ phase shift to begin with, as seen in Figure[d.44, As before, the four hotspots
do not move when the phase shift is altered, rather the field intensity decreases, and the

hotspots disappear.

At 2.4558 GHz, the columns that represent TEgg3 are apparent at 0° phase difference,
shown in Figure[£.45, At 180° phase, the columns again disappear owing to the decreased
field intensity. In this case, the column closest to the lagging waveguide source disappears
faster than the others and the central column does shift slightly towards the leading
source as the phase is increased. However, the movement is so slight that the hotspot

margins change negligibly before it disappears.

At 2.6535 GHz, TE199 is completely evident at 180° phase difference. The pattern hardly
changes at all, and the field intensity decreases drastically away from the resonant peak
when the phase shift starts deviating from 180°, as shown in Figure [£46 No hotspot

movement is evident.

The simulation at 2.588 GHz was the first simulation to exhibit meaningful hotspot
movement depending on the introduced phase difference between the sources. Between
90° and 270° phase difference, there is a clear linear movement of the central hotspot
towards the leading waveguide. Figure[4.47 shows the progression of the central hotspot
over the 180° interval. In this case, the pattern itself is largely resilient. The shape of the
hotspot does not change much, nor does the field intensity. The position of the hotspot
is the key variable that changes. This was the type of hotspot progressive movement

that was sought after in this investigation.
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(a) 0° phase shift. (b) 60° phase shift.  (c) 120° phase shift.  (d) 180° phase shift.

Figure 4.44: The Effect of Feed Phase at 2.387 GHz for the Opposite Face Model.

(a) 0° phase shift. (b) 60° phase shift.  (c) 120° phase shift.  (d) 180° phase shift.

Figure 4.45: The Effect of Feed Phase at 2.4558 GHz for the Opposite Face Model.

(a) 0° phase shift. (b) 60° phase shift. ~ (c) 120° phase shift.  (d) 180° phase shift.

Figure 4.46: The Effect of Feed Phase at 2.6535 GHz for the Opposite Face Model.

(a) 90° phase shift.  (b) 150° phase shift.  (c) 210° phase shift.  (d) 270° phase shift.

Figure 4.47: The Effect of Feed Phase at 2.588 GHz for the Opposite Face Model.
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(a) 0° phase shift. (b) 60° phase shift. ~ (c) 120° phase shift. ~ (d) 180° phase shift.

Figure 4.48: The Effect of Feed Phase at 2.421 GHz for the Opposite Face Model.

(a) 90° phase shift. (b) 60° phase shift. (c) 120° phase shift.

Figure 4.49: The Effect of Feed Phase at 2.499 GHz for the Opposite Face Model.

Other Frequencies

At 2.421 GHgz, there appear to be set hotspot locations within the cavity, with different
loci becoming accentuated depending on the feed phase shift. At 0° and 180°, the
configuration is quite symmetrical and for the phase shift iterations in between, the
hotspots nearest the leading waveguide are more accentuated. There is no obvious

hotspot movement, as seen in Figure[{.48

At 2.499, there appears to be a combination of hotspot movement and orientation shift

and the change in hotspot orientation seen in Figure[4.48 This pattern can be seen in
Figure

At 2.635 GHz, there is clear hotspot movement, like that exhibited at 2.588 GHz, again
between 90° and 180°. This is shown in Figure Upon further investigation, it
was determined that this pattern of hotspot movement was evident for the frequencies
between 2.55 GHz and 2.7 GHz, the upper limit of the frequency in the sweep, apart
from the resonant peak at 2.6535 GHz. In all cases, the hotspot moved straight from
the lagging source to the leading source. However, for all other circumstances, hotspot
movement was not possible if the phase difference between the sources was the only

altered variable.
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(a) 90° phase shift.  (b) 150° phase shift.  (¢) 210° phase shift.  (d) 270° phase shift.

Figure 4.50: The Effect of Feed Phase at 2.635 GHz for the Opposite Face Model.

4.6 Conclusion

This chapter presented the results of the investigation outline in Chapter [3, the Method-
ology. The testing of the software packages, the verification of the simulation model, the
characterisation of the resonant cavity and the manipulation of the hotspot positions

within the cavity were discussed.

It was concluded that the software packages CST Studio Suite Student Edition and
Altair’'s FEKO, even though they use different solver methods, yielded the same solution
to a simulation problem. SuperNEC was abandoned because of its inability to utilise a

waveguide port as a source and for the difficulty in changing the geometry of the model.

FEKO was used to verify the simulation platform by simulating the electric near fields
inside a microwave oven and comparing them to the measured field. This was accom-
plished successfully, and it was concluded that FEKO was a suitable simulation platform
and yielded results that were comparable to real-world situations for electromagnetic res-

onance.

A test model of a rectangular resonant cavity was created in CST and FEKO and
characterised to determine the ideal frequency band of operation and the characteristic
resonant modes. 4 modes were identified. The frequency of the feed to the cavity was
swept to examine hotspot movement through frequency. It was observed that in the
range of 2.6-2.7 GHz, progressive hotspot movement occurred. However, for most of the
frequency range, the near field pattern morphed between its resonant modes without

much linear hotspot movement.

An examination of the effect of introducing a phase difference between two waveguide
ports was conducted to observe any hotspot movement. It was found for the instances of
waveguides being orientated on the same face, and for waveguides positioned on adjacent
faces, phase shifting did not cause any hotspots to move as desired. It was observed,

however, when the waveguides were orientated on opposite faces, that for frequencies
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above 2.55 GHz, the feed phase did influence the position of the major hotspots in the
sense that a progressive introduction of phase shift resulted in the progressive movement
of the hotspots in question. This was only evident for the model containing waveguides

on opposite faces and did not hold at the resonant peak within the band.

Additionally, it was determined that the behaviour of the resonant cavity is very sensitive
to dielectric influence, and the resonant characteristics are different depending on the

body of dielectric inside the chamber.
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Conclusion

5.1 Summary

This investigation pertained to the feasibility of controlling the position of electromag-
netic hotspots at microwave frequencies within a resonant cavity for applications in

clinical thermal ablation.

The methodology focused on a simulation-based solution and was subdivided into 4

sections:

e The software testing section, where the simulation platforms, CST Studio, FEKO
and SuperNEC were compared against each other for their solution to a benchmark

model.

e The verification section, where the software was tested against a real-world reso-

nant cavity, a microwave oven, for realistic accuracy.

e The characterisation of an ideal resonant cavity model, where the resonant prop-
erties of a simple rectangular chamber were investigated, along with the influence

of dielectric absorbing bodies.

e The field manipulation section, where additional sources were introduced to the
model and the effects of frequency sweeping and the introduction of a phase dif-

ference between the sources upon hotspot position.

It was concluded that CST Studio and FEKO yield the same results through simulation,
which were verified when compared to the near field pattern evident inside the microwave
oven. After characterisation of the resonant cavity, it was concluded that for a specific

frequency range, 2.6-2.7 GHz, incremental changes in feed frequency caused a similar
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incremental shift in the position of the main hotspots of the system. For the phase shift-
ing investigation, it was concluded that only in the frequency band of 2.55-2.7 GHz, for
the model containing two waveguide sources on opposite faces, was progressive hotspot
movement evident, and only when the feed phase difference was situated between 90°
and 270°.

5.2 Research Questions

This section discusses the results of the investigation as they pertain to the answering

of the research question.

“Can the position of an electromagnetic hotspot at microwave frequencies be controlled

consistently and feasibly within a resonant cavity?”

The research question was broken down into 4 sub-questions which are answered indi-

vidually as follows:

e Can a microwave frequency electromagnetic hotspot be effectively modelled in a

resonant cavity?

Yes. It was determined at the beginning of the investigation that the electric near field
within a bounded resonant cavity could be effectively simulated using a variety of solver
techniques. In all instances, the simulation results yielded areas in the three-dimensional
interior of the cavity which exhibited high electric field intensity and low electric field
intensity, as is characteristic of the electromagnetic near field. These pockets of high

electric field intensity were evaluated as the system’s hotspots.

e Can the resonance and field pattern of the model be changed by adding another

microwave source?

Yes. As seen in Chapter [4, the field pattern inherent in the chamber at a specific
single frequency was different depending on the orientation of the two waveguides in
relation to each other. However, the pattern evident at the resonant peaks remains by
and large similar, possibly indicating that when the cavity is excited with the natural
resonant frequency of the system, the orientation of the waveguides or even the number

of waveguides does not influence the near field pattern.

e Can altering the phase and frequency of each source change the electromagnetic

field pattern within the resonant cavity and hence, change the hotspot positions?

Yes. Given that the near field is inherently dependant on the excitation frequency,

shifting the frequency does change the near field pattern. In many cases, however, this
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does not result in a progressive change in hotspot position, but rather a morphing of
the near field pattern. This included changing the size, shape and number of hotspots
instead of simply the position of the existing hotspots. Only for a relatively narrow

range of frequencies was progressive hotspot movement evident.

For the phase shifting investigation, it was discovered in most cases that altering the
phase difference between two sources had no effect on the near field pattern at all, so
no hotspot alteration of any kind was evident. Only in the case of opposing waveguides
was the near field influenced by the addition of a phase difference. Then, for most
tests thereafter, it was further determined that, like with the frequency shifting, the
hotspots were morphed instead of moved. Again, only for a specific frequency band was
progressive hotspot movement evident. Thus, on the question of whether the system’s
hotspots could be moved progressively, the answer in the technical sense is yes, however,

only under specific circumstances.

e Is the change of hotspot position consistent and feasible for the application of

clinical microwave thermal ablation?

No. As discussed previously, the movement of the hotspots through frequency and phase
difference is not consistent and relies upon specific circumstances. Additionally, it was
determined that the addition of dielectric material in the chamber had a great effect
on the resonance of the system. All investigations into the movement of hotspots were
conducted in free space, lacking any absorbing bodies. With the addition of dielectric,
energy absorption takes place, altering the behaviour of the field, changing the resonant
frequencies of the system. The cause of concern here is that all patients are different

and will exhibit different dielectric properties.

If the necessary parameters to achieve hotspot movement with the presence of a specific
body of dielectric were determined, the modification of the properties of the dielec-
tric body, for instance, a different patient, might change the natural resonance of the
system sufficiently that a completely new set of parameters, feed frequency, waveguide
orientation etc., would need to be implemented to achieve progressive hotspot move-
ment. Therefore, even though the movement of a set of hotspots in a resonant cavity is
theoretically possible, it is infeasible for the highly precise field application of thermal

ablation.

5.3 Future Recommendations

Several additional avenues can be explored regarding this research. Firstly, this in-

vestigation centred around the use of a standard rectangular resonant cavity with a
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rectangular waveguide feed at frequencies centred around 2.45 GHz, as this is the basis
for microwave oven heating. Therefore, the eigenfrequencies of the cavity were calcu-
lated and the hotspots of the system at different frequencies were discovered through
simulation. Further research into the geometric shape of the resonant cavity and the
feed mechanism can be undertaken to focus more on the design of a system that would
result in a specific hotspot location or pattern. Therefore, the desired hotspot pattern

could be designed for.

Additionally, the parameters that were altered in this investigation to attempt to move
the hotspots were feed frequency and phase difference between sources, like an antenna
array. An extra avenue could be modulating the physical geometry of the system like
the metallic stirrer approach to the early microwave ovens. For example, the angle of
one of the walls, or the length of the cavity. The addition of a modular wall or set of

walls could be a worthwhile avenue to investigate.

The use of more directive sources could be investigated. The waveguide source is very
useful at launching a plane wave directly into the resonance cavity. Further research

into the use of a directive antenna within a resonant cavity could be conducted.

The final future recommendation is to consider the ‘reverse problem’. Considering that
the current method of microwave thermal ablation uses an interstitial antenna to cre-
ate a hotspot over the tumour, the question becomes how to create the same hotspot
without the antenna. Consider a bounded metallic surface surrounding the patient and
the antenna. When the antenna is fed, electromagnetic radiation radiates from it and
induces a current distribution on the surrounding metallic surface. If that same current
distribution could be induced on the surface externally, according to three-dimensional
Green’s Theorem, the same hotspot could be created without the need for the antenna

at all. An investigation into the feasibility of this could be conducted.

5.4 Conclusion

The investigation presented in this dissertation aimed to determine whether the position
of electromagnetic hotspots inside a resonant cavity could be consistently controlled us-
ing feed frequency and phase and whether such a method was feasible for the thermal
ablation of tumours. It was concluded that while theoretically, the hotspot positions
could be controlled under certain circumstances, this approach, as outlined in the inves-
tigation, was not feasible for use in high precision and unique applications like microwave

thermal ablation.
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Appendix A

NEC2 Hotspot Plotter

A.1 Introduction

This appendix presents the workings of a MATLAB based application for plotting the 3D
iso-surface data of electromagnetic near field simulations in NEC2. The program uses
data stored in a generic NEC2 output file, meaning it can be used in conjunction with
any NEC2 simulator. This program was used to plot the internal hotspots of a resonant
cavity in the initial stages of the investigation, to establish a benchmark simulation
of the NEC2 solver. A brief background of NEC2 will be discussed in Section [A.2]
and the parameters of the program will be discussed at follows: how the app works in
Section [A-3, the interface in Section the input and output profiles in Section

and the shortcomings and future recommendations in Section [A.6|

A.2 NEC2

NEC2, or Numerical Electromagnetic Code 2 is an electromagnetic modelling system
for wireframe antennas. It uses the method of moments solver [I]. NEC2 is an updated
version of NEC, which was developed in the 1970’s. It is the most commonly used version
of NEC in the public domain that does not require a license. The NEC engine essentially
uses text files as its input and output. It requires a ‘.nec’ file as an input, which is a text
file containing the geometry of the structure, important information such as frequency
and excitation and the requested outputs. The engine outputs another text file, a ‘.out’

file, which contains all relevant input data as well as the simulated requests.
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A.3 Working

The application is divided into two sections, the loading of a NEC file and the plotting
of the near field data. It uses one of the functions native to SuperNEC, snres, to extract
relevant data from a NEC file. snres Effectively allows the user to load an output
NEC file and extract usable data, such as structure data, near field data, far field data,
frequency etc. Upon opening a file, snres extracts to the NEC data from it and the
model is loaded into the application. When a plot of the data is requested, the near
field data is loaded from the model into a 4-dimensional array, containing z, y and z
coordinates and the corresponding near field data which is further divided into the z,
y and z components of both the magnitude and phase of the field at that point. Since
only the magnitude was needed, this data alone was combined into a total near field
contribution. Thereafter, MATLAB’s isosurface [2] function was used to plot the data as
a 3-dimension surface. This function computes geometry data based around an isovalue,
or threshold. It effectively connects all the data points matching the isovalue in the
input data set and maps it to a geometric representation. It also uses an interpolation
function so there are no gaps in the mapped surface if the discreet dataset does not
contain an exact match to the isovalue. The isovalue itself is user controlled. The value
can either be set as a value in V/m, or as a precentage of max. In either case, the
opposite parameter is displayed, so if a percentage is set, the program will also output
what value this represents, and vice versa. The structure of the NEC file is also loaded,
so the wireframe can be displayed. The user can then elect to plot the structure or not,
or plot the structure with a set transparency. The plot window is then updated, and
the isosurface geometry of the set isovalue is plotted on a set of 3D axes, along with the
wire structure with the desired transparency. The plot window can be updated at will
to display different values or models. The plot window is also subject to all standard
MATLAB plot functions, such as to save as an image, copy as a vector graphic, return

view to home, pan, rotate and zoom.

A.4 Interface

The interface of the application was designed in MATLAB 2020, using the native app
designer. Figure[A.]] shows the user interface of the application. As shown, there is a
model tree on the left, which can show the models that have been loaded. There are
two push buttons for loading a model and plotting the data, along with a tick box for
plotting the structure. A slider that controls the opacity of the structure and a numerical
input box where the threshold value can be set. The main area of the interface is taken

up by the plot area. In this case of Figure[A.]] the model’s name was ‘benchmark.out’,
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Figure A.1: Application Interface with Loaded Model and Plotted Data.

the isovalue set to 20 V/m and the structure plotted with 40% opacity.

A5 1/0

The application was designed to accept any NEC2 output file as an input. A NEC2
output file is essentially a text file with an ‘.out’ file extension that contains all the in-
formation about the NEC simulation. This includes the model geometry in terms of the
start and end coordinates of every segment used, all requests and frequencies used, wire
junctions, segmentation data, plate data, cylinder data, structural impedance, environ-
ment information, input parameters, wire current and charges and all other requests,
such as near field data, far fields, etc. All electromagnetic data is stored in magnitude
and phase pairs for each component, z, y and z. The file includes different formatting for
much of the data and various text headings and white spaces, hence, the snres function
is used to extract the data from the file. Note that the application only works if a single

frequency was simulated, and only with near field data. The program uses the data to
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output a visual representation of the near field of the simulation, or the ‘hotspots’ of the
system, as shown in Figure It is also possible to access the organised NEC data
extracted by snres directly from the MATLAB command window while the application is

running, for other applications of the data.

A.6 Future Recommendations

The biggest addition to the application would be the ability to load a file which has
multiple frequencies and plot the data of any simulated frequency. Currently, the appli-
cation runs into errors if the file contains more than a single frequency. This functionality
was not developed as it was not necessary in the initial benchmark simulations of the
investigation. Additionally, it would be useful to be able to plot a specific component
of the near field in isolation, instead of only the total field. Thirdly, a phase plotter
in addition to the magnitude would be useful for certain applications, along with the
magnitude and phase of the magnetic near field. Lastly, extra error checks should be
implemented so that if a common error would occur, a message about the problem is
displayed to the user, who can then amend the issue, instead of a MATLAB error pausing

the program.

A.7 Conclusion

An introduction to the MATLAB based program created to plot the 3D hotspots of a reso-
nant cavity has been presented. The application’s working and interface were discussed,
along with future recommendations to improve upon its capability. The application
formed an important role in the initial investigation of comparing NEC2 solvers against

other electromagnetic solver software.
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Appendix B

Comparison of Electromagnetic
Field Solvers

B.1 Introduction

This appendix focuses on the simulation of resonant near field problems within the com-
putational electromagnetic programs, CST Studio Suite and FEKO by Altair. Specific
emphasis is given to the solver methods available, a comparison of the outputs from
the various solver methods and the simulation times for each solution. The problem in
question is an electric near field problem involving the resonance within a rectangular
resonant cavity. The following aspects of the investigation will be discussed: the ca-
pabilities of each program considering the available license in Section [B.Z an overview
of the applicable solver methods in Section[B.3 an overview of the computer specifica-
tions used for simulation in Section the parameters of the model to be solved in
Section [B.5, the metrics used for the comparison in Section [B.6, a comparison of the

outputs of each simulation in Section [B.7, and the simulation time of each solution in

Section [B.8

B.2 Licences and Capability

The University of the Witwatersrand, Johannesburg, has access to a full FEKO license,
so the full functionality of FEKO could be utilised. FEKO has many applications and
uses many different solver methods for these applications. It has the capability to use
frequency domain, time domain and asymptotic solvers and makes resonant cavity sim-
ulations easier by the inclusion of the waveguide port feed method, which launches a

plane wave of the appropriate frequency straight down the waveguide.
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FEKO can stand alone as its own software, requiring no additional programs for the
computer aided design (CAD) process or for solving and optimising simulations. How-
ever, it can import models and mesh structures from other CAD programs and export
solutions in various formats. Additionally, FEKO has the ability to solve each process in
parallel, depending on the number of central processing unit (CPU) cores the computer
possesses. If the computer makes use of a graphics processing unit (GPU), it offers GPU

Acceleration instead of parallel CPU processing.

No University license was available for CST Studio Suite, however, Dassault Systemes,
the company which owns CST, does provide a free student version of the software with
various limitations. The full version of CST Studio Suite has nine different solvers: the
Asymptotic, Eigenmode, Filter Designer 2D, Filter Designer 3D, Frequency Domain,
Integral Equation, Multilayer, Time Domain and Hybrid Solver Task solvers. However in
the student version, only the Frequency Domain and Time Domain solvers are available.
There is also a limitation on the size of the structure’s mesh, and importing and exporting

is restricted.

B.3 Solver Methods

The scope of the problem was an electric near field problem for a resonant cavity with
a waveguide feed. FEKO and CST Studio Suite Student can both handle this prob-
lem using a variety of methods. In FEKO, the frequency and time domain techniques
are relevant and include a method of moments (MoM), finite element method (FEM),
multilevel fast multipole method (MLFMM) and finite difference time domain (FDTD)
solvers. Of these, only the MoM and MLFMM solvers could be used for the particular
problem, as the FDTD solver does not support the use of a waveguide port for a feed
mechanism, and the FEM solver can only be used to solve dielectric problems, not a

perfect electric conductor (PEC) structure in free space.

CST Studio Suite Student Edition includes only the Frequency Domain and Time Do-
main solvers. The frequency domain solver is based in FEM, and the time domain solver
utilises the finite integration technique (FIT) solver, which is similar to FDTD, and a
transmission line matrix (TLM) solver, which was not considered. Therefore, between
the two programs, an array of solvers were available: MoM, MLFMM, FEM and FIT.
Note that MLFMM is not a different solver method to MoM, it is simply a mechanism

for speeding up simulation times.
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B.4 Computer Properties

This section discusses the specifications of the computer used to run the simulations.
The computer’s CPU, motherboard, random access memory (RAM), GPU, hard drive
and operating system are discussed. The computer was constructed instead of purchased

as a unit in 2013, and has undergone various upgrades.

CPU

The computer’s processor is an Intel product: the Intel(R) Core(TM) i7-4770 CPU. It
is a 4th generation i7 processor. It has 1 socket, 4 cores, 8 threads, and operates at a

base frequency of 3.40 GHz, with a max frequency of 3.90 GHz. Additionally, it has an
8 MB cache.

Motherboard
The computer’s motherboard is the B8SM-G by ASUSTeK Computer Inc. It operates
ideally with the CPU and has a stable BIOS.

RAM

The computer’s motherboard is only compatible with DDR3 RAM and has 4 slots. All
slots are filled with 8 GB sticks of RAM, resulting in 32 GB of DDR3 RAM. All memory
operates at 1600 MHz.

GPU

The GPU in the computer is the NVIDIA GeForce GTX 750. It has 512 CUDA cores, a
base frequency of 1020 MHz, and a boost frequency of 1085 MHz. In terms of memory,
it has 1024 MB of GDDR5 memory with an interface width of 128 bit and a memory
clock of 5 Gbps.

Hard Drive

The computer has 2 hard drives, a solid state drive (SSD), which is used as the system
disk, and a hard disk drive (HDD), which is used for file storage. The SSD has a
capacity of 466 GB and the HDD has a capacity of 932 GB. The operating system and
all programs are installed on the SSD. All documents and files are stored on the HDD.
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Operating System

The computer operates Windows 10 Pro. The latest version of windows used for this
investigation was 21H1, with a build number of 19043.1110. However, the computer has
virtualisation enabled and runs an Ubuntu LTS 20.04 command line interface through
the Windows Subsystem for Linux (WSL).

B.5 Simulation Parameters

The parameters of the simulation were constant for all simulations. A rectangular res-
onant cavity with a standard rectangular waveguide port was the model used. The
problem was conducted at microwave frequencies centred around 2.45 GHz, covering a
bandwidth of 500 MHz, from 2.2 GHz, to 2.7 GHz. The standard WR340 waveguide
was used owing to the frequency range, as it is ideally used between 2.2 and 3.3 GHz.
The cavity was modelled at triple the dimensions of the waveguide. The dimensions of
the structure are shown in Table[B:]] The system was modelled as PEC in a free space

environment, with a waveguide port as a feed.

Table B.1: Dimensions of ideal rectangular cavity.

Cavity Waveguide
Width (mm) | 259.08 86.36
Length (mm) | 259.08 86.36
Height (mm) | 129.54 43.18

The parameters investigated were the power radiated from the feed, the near field inside
the cavity and the simulation time. The near field was investigated in terms of relative
field pattern, as a 2D contour plot and a 3D iso-surface plot. This enabled an accurate

measure of how similar each result was for each solver method.

Each simulation time was taken from the log files. To avoid biasing, each simulation
was run on its own, with no other active applications, giving the processes primary
allocation of the RAM and the CPU or GPU. For FEKO, which can solve using parallel
CPU processes or GPU acceleration, the model was solved using each as a comparison.
To speed up simulation times across the board, electric and magnetic symmetry planes
were utilised. Additionally, in CST’s frequency domain solver, adaptive mesh refinement

was used.
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B.6 Comparison Metrics

This section discusses which simulation metrics were compared between CST Studio and
FEKO. The comparison encompassed examining three frequencies within the range: 2.2,
2.45 and 2.7 GHz. These were the upper and lower limits, and the centre frequency for
the range of 2.2-2.7 GHz. An interval of 10 MHz was used for the sweep, meaning 51

data points were needed.

Additionally, the characteristic modes were simulated to evaluate the resonance of the
structure. These can be determined analytically using Equation (B.I|) [I]. These modes

describe the resonant peaks of the system.

Ckmnl

fmnl = o Trer

b = (22 ()7 (5) o

(B.1a)

Where:
fmm = cavity resonant frequency for mode TE,,,,; [Hz]

kmni = wave number corresponding to mode TE,,,,,;
c = speed of light [2.998m x -s7!]
a,b,d = dimensions of the cavity [m]

And

for free space problems.

Four characteristic modes are apparent in the frequency range, the first two of which, as
determined in the investigation, resided at 2.3856 GHz and 2.4547 GHz. The electric field
around these frequencies was also examined. As numerical anomalies can occur around
resonant peaks, this investigation would serve to compare the resonance tolerance of

each software.

A frequency range of 10 MHz around these points was used; 5 MHz on either side. The
frequency range for mode 1 was 2.3806—2.3906 GHz, and for mode 2, 2.4497-2.4597 GHz.
With a frequency step of 100 kHz, there were 101 iterations.
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(a) CST FEM. (b) CST FIT. (¢) FEKO MoM. (d) CST MLFMM.

Figure B.1: Comparison of CST Studio and FEKO at 2.2 GHz.

(a) CST FEM. (b) CST FIT. (¢) FEKO MoM. (d) CST MLFMM.

Figure B.2: Comparison of CST Studio and FEKO at 2.45 GHz.

B.7 Solution Comparison

This section presents a comparison of the outputs from CST Studio and FEKO. The

results of both the frequency sweep and the characteristic modes are examined.

B.7.1 Frequency Sweep

Initially, the 2.2, 2.45 and 2.7 GHz electric fields were examined with CST Studio’s
frequency and time domain solvers, and FEKO’s MoM and FMM solvers. This com-
parison is shown in Figures [B.1], [B.J and [B.3 In CST’s time domain solver, a warning

was flagged that the maximum number of pulse widths had been simulated without the
residual energy reaching steady state. This could imply an accuracy issue. To resolve
this warning, the maximum pulses criterion was increased from 20 up to 250. This cri-
terion then achieved the designated energy accuracy of -40 dB, but increased simulation

time substantially.

Clearly, the resulting patterns from all the solvers are very similar. It was noted that
in each case, FEKO’s maximum field value was higher. The same field maximum was
used for each program: 150 V/m for the 2.2 GHz simulations, 300 V/m for the 2.45 GHz
simulations, and 500 V/m for the 2.7 GHz simulations. Both CST Studio and FEKO

were set up such that average electric field was displayed. This indicated that some
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(a) CST FEM. (b) CST FIT. (¢) FEKO MoM. (d) CST MLFMM.

Figure B.3: Comparison of CST Studio and FEKO at 2.7 GHz.
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Figure B.4: Radiated Power for Mode 1 in FEKO

scaling factor was evident between the feeding mechanism of the programs. It was not
possible to calculate this scaling factor as the student edition of CST Studio does not

support data export, which would have been crucial in calculating the scaling factor.

B.7.2 Characteristic modes

This section presents to results of the investigation of the near field around the resonant

peaks. The power and near field patterns are examined separately.

Power

Initially, the radiated power of each system was evaluated. The resonant modes were
expected to present as peaks in the radiated power. This is because of the increased
amplitude of the field when it is in resonance. The radiated power in FEKO for the
mode 1 and mode 2 simulations are shown in Figures[B.4 and [B] respectively.

In both images, the green line represents the power data for the MoM solution and
the blue line represents the MLFMM solution. Clearly the results are very similar.
In Figure the MoM power spike is at 2.3860 GHz and the MLFMM spike is at
2.3862 GHz. There could be a numerical anomaly in the MLFMM data as the power
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Figure B.5: Radiated Power for Mode 2 in FEKO

spike is negative. Upon inspection of the output file, a convergence error occurred at
2.3862 GHz. The solution would not converge and so the lowest residual error was
selected. This could explain the negative spike. Or, the power at that frequency had a
prominent reactive component, causing the overall magnitude of the power to become

negative. This could also be because of convergence error.

Irrespective of the convergence warning, the resonant peak was clearly simulated very
similarly by the MoM solver and the FMM solver, being only ~ 200 kHz apart and only
~ 400 kHz above the analytic value of 2.3856 GHz.

In Figure[B.5 the MoM spike occurs at 2.4544 GHz and the MLFMM spike occurs at
2.4545 GHz. No warnings or convergence errors occurred in this instance. These results
are very similar to each other, being only ~ 100 kHz apart and ~ 200 kHz below the
analytically determined value of 2.4547 GHz.

The accepted power for CST Studio’s frequency and time domain solvers are presented.
The accepted power for mode 1 is shown in Figure[B.6| There is a clear spike in power
at 2.3867 GHz. This is well within the range of the analytically calculated mode at
2.3856 GHz, being only ~ 1.1 MHz higher. It is, however, not as close as the FEKO
solutions. Additionally, there appears to be some power oscillation after the actual

resonant peak.

The accepted power for mode 2 is shown in Figure [B.7 In the initial simulation, the
frequency seemed too low, so the range was moved 5 MHz up. The presented range
is 2.4547-2.4647 GHz. There appears to be no distinct peak. The maximum of the
range is at 2.4588 GHz, and the minimum is at 2.4612 GHz. There is another peak at
2.4625 GHz. To determine where the actual resonant mode was, the near field patterns

had to be examined.
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Figure B.6: Accepted Power for Mode 1 in CST

Figure B.7: Accepted Power for Mode 2 in CST
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Figure B.8: Accepted Power for Time Domain Solver in CST

The accepted power calculated in the time domain simulations for both modes was
identical and spanned over the full range of 2.2-2.7 GHz, as shown in Figure[B.§ This
could be a characteristic of the time domain FIT solver, as it is useful for broadband
problems. Clearly there are two major spikes, one at 2.3685 GHz, and the other at
2.4465 GHz. The third mode was not evident in the simulation, nor was it evident
at all throughout the investigation. The 4th mode, which analytically is expected at
2.6514 GHz was evident as a far less prominent peak at 2.6380 GHz.

The two relevant peaks were outside the initial near field simulation range, so new ranges
had to be simulated. For mode 1, the simulation range moved from 2.3806—2.3906 GHz to
2.3635-2.3735 GHz. For mode 2, the simulation range was move from 2.4497-2.4597 GHz
to 2.4415-2.4515 GHz. Additionally, the power plot seems to oscillate. This could be
owing to the time signal used to excite the cavity. Additionally, the maximum number

of pulses was again increased from 20 up to 250.

Near Field Pattern

The near field at each of the resonant peaks was examined. The frequencies correspond-
ing with the peaks in the power plots were investigated first. Mode 1 was found in FEKO
at 2.3682 GHz for the MLFMM simulation and at 2.3680 GHz for the MoM solver, as per
the power spikes. This is shown in Figure[B.9 In CST, mode 1 was found at 2.3867 GHz
with the frequency domain solver and at 2.3685 GHz with the time domain solver, as as

shown in Figure[B.I0l This was expected from the power plot.

All four results yielded very similar patterns, three of which were located within 500 kHz
of each other. The outlier in frequency was the time domain solution as it was solved
in the time domain, instead of the frequency domain like the other solvers. This was a

positive results in the handling of resonance for all the solvers.
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(a) MLFMM 2.3682 GHz. (b) MoM 2.3860 GHz.

Figure B.9: Near Field Pattern for Mode 1 in FEKO.

(a) FEM 2.3867 GHz. (b) FIT 2.3685 GHz.

Figure B.10: Near Field Pattern for Mode 1 in CST.

In FEKO, mode 2 was found at 2.4545 GHz with the MLFMM solver, and at 2.4544 GHz
with the MoM solver, as expected. The characteristic columns of the TE3y3 mode are
shown in Figure[B.I1l In CST Studio, using the time domain solver, the second mode
was found at 2.4465 GHz as expected. With the frequency domain solver, as previously
mentioned, there was no distinct power peak. The near field columns associated with
the mode were found at 2.4554 GHz, as shown in Figure[B.12, This corresponds to the

very first peak in Figure[B.7 It is a minor peak and not expected of a resonant mode.

All the near field patterns again were very similar. The three frequency domain solvers
exhibited the resonant mode within 900 kHz of each other. Again, the time domain
solution was a slightly lower frequency. Note that even though the time domain solutions

were found at lower frequencies, they were always within a few MHz of the other results.

(a) MLFMM 2.4545 GHz. (b) MoM 2.4544 GHz.

Figure B.11: Near Field Pattern for Mode 2 in FEKO.
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(a) FEM 2.4554 GHz. (b) FIT 2.4465 GHz.

Figure B.12: Near Field Pattern for Mode 2 in CST.

It was determined that the FEKO MoM solver was the most accurate. It relies on no
iterative process, so has no convergence error or energy residuum issues. It also presented
results that were closest to the analytically calculated results around the resonance of

the system.

For the overall range of frequencies, all programs and solvers yielded similar results,
however around resonance, FEKO’s MoM solver was determined to be the most accurate
in terms of the frequency of the peak. This could be explained by the fact that the
MoM solver is a direct matrix solver, whereas FMM and CST’s FEM use iterative
processes to converge a result. This, while speeding up simulation time, does lend a small
unrepeatable aspect and a degree of error as the solution is ultimately an approximation.
This was particularly evident simulating mode 2, where CST’s FEM solver did not

display a power spike at the resonant peak.

However, the simulation band was very narrow in the modal simulations. When a
broader frequency sweep was conducted with the same small interval, the results were
more accurate, showing distinct peaks at all the modes. That investigation was not

presented here as a uniformity of simulation parameters was desired.

Additionally, with FDTD solvers and CST’s FIT solver, while the power plot was more
precise than it was with the FEM solver, it was less accurate. The actual peaks were
at a slightly lower frequency than expected. This could be because a time based solver
simply takes a transform of a time signal response, which is evident by the oscillatory
nature of the power plot. This makes the method very effective for broadband sweeps,
but less so for very precise frequency intervals. However, the FIT solver did simulate the
resonance patterns accurately. The patterns were aligned to the expected frequencies

from the simulated power, even though the frequencies were slightly shifted.
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B.8 Simulation Time

The simulation times for each solution were stored in the log file of each simulation. In
the case of CST studio, the simulation time had to be calculated from the start and stop
times in the log file. In FEKO, the total solver time was explicitly given. The results
are tabulated in Table[B.2

Table B.2: Solver Times of CST Studio and FEKO.

CST Studio FEKO

Time (s) FEM FIT FMM FMM (GPU) MoM  MoM (GPU)
Sweep 26 92 1236.027  1608.910  3532.031  4633.558
Mode 1 57 127  2085.865 5359.777

Mode 2 54 130  2596.062 5753.350

In FEKO, both a parallel CPU matrix solving approach and a GPU acceleration ap-
proach are available. It was noted that the parallel CPU solution resolved faster than
the GPU solution for FEKO. This was unexpected, as [2] showed significantly faster sim-
ulation times with the use of a GPU in FEKO. This could be due to a poorer GPU having
been used in this investigation, or that in [2], only characteristic modal analysis (CMA)
was investigated. CMA is a different solution configuration altogether. Alternatively,

the GPU accelerator could have been set up incorrectly.

Because of the poor GPU performance, only the parallel CPU solver was utilised for the
characteristic modes. For the FEKO results, MLFMM provided simulation times of less
than half MoM solution times. CST Studio provided by far the lowest simulation times.

The FEKO solution provides electric field data, electric flux density and specific absorp-
tion rate (SAR) data. The magnetic near fields were excluded from the simulation as
they weren’t relevant. CST provides only electric field data. Every other parameter must
be specifically requested. Both programs provide data about the feed port: reflection
coefficient, VSWR, etc. Power is also stipulated by both programs, however they provide
different metrics. FEKO provides only radiated power, whereas CST Studio provides
loss in dielectrics, loss in metals, power accepted, power outgoing the port and power
stipulated. It also provides more information about the port, such as cutoff frequency
and effective dielectric constant. All these could influence simulation run time, though
it is unlikely that they would influence the time as much as Table [B.2 This suggests
that the simulation in CST Studio runs far faster than that in FEKO.
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B.9 Conclusion

The programs CST Studio Student Edition and FEKO both provide different solver
methods to simulate near field resonance problems. The comparison of both programs
has been presented. The simulation times, near field patterns, and feed power were

examined.

It was determined that over a range of frequencies, CST Studio and FEKO yielded very
similar results. When resonance and characteristic modes were approached in frequency,

the programs exhibited different numerical tolerances.

It was found that the radiated power simulated by FEKO was the most precise and
accurate, particularly with the pure MoM solver. The FMM solver didn’t converge on
one occasion. The time domain solver from CST proved to be very precise, but the
frequencies of the modes were lower than expected. The frequency domain solver from
CST Studio was precise and accurate for one of the modes, but didn’t yield a clear result

for the other mode.

In terms of the near field pattern itself, all the programs yielded very similar results. All

exhibited the expected characteristic modal pattern.

For simulation time, CST Studio clearly yielded the lowest simulation time. The fre-
quency domain solver was determined to be faster than the time domain solver, as the
FIT pulse width had to be increased to accommodate accuracy. The GPU methods was
by far the slowest and was discarded for the resonance simulations. In FEKO, it was

determined that MLFMM does yield faster results, but with a potential cost to accuracy.

In conclusion, both programs have their pros and cons when simulating resonance. To
achieve the best results, a fast solution could be provided by CST Studio and verified

by FEKO. Both programs are viable for soving resonance problems.
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