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Abstract

ABSTRACT

This thesis describes research on ‘Efficient Discrete Modelling of
Axisymmetric Radiating Structures’. Investigating the possibilities of
surmounting the inherent limitation in the Cartesian rectangular
Transmission Line Modelling (TLM) method due to staircase approximation
by efficiently implementing the 3D cylindrical TLM mesh led to the
development of a numerical model for simulating axisymmetric radiating

structures such as cylindrical and conical monopole antennas.

Following a brief introduction to the TLM method, potential applications of
the method are presented. Cubic and cylindrical TLM models have been
implemented in MATLAB and the code has been validated against
microwave cavity benchmark problems. The results are compared to
analytical results and the results obtained from the use of commercial cubic
model (CST) in order to highlight the benefit of using a cylindrical model

over its cubic counterpart.

A cylindrical TLM mesh has not previously been used in the modelling of
axisymmetric 3D radiating structures. In this thesis, it has been applied to
the modelling of both cylindrical monopole and the conical monopole. The
technique can also be applied to any radiating structure with axisymmetric
cylindrical shape. The application of the method also led to the development
of a novel conical antenna with periodic slot loading. Prototype antennas
have been fabricated and measured to validate the simulated results for the

antennas.
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Introduction

CHAPTER 1

INTRODUCTION

Axisymmetric structures are found frequently in microwave engineering,
such as those found in microwave cavities, coaxial transmission lines, wire
antennas and broadband antennas. The behaviour of these structures, as well
as most systems in Electromagnetics (EM), can be described by Maxwell’s
equations. To understand the propagation of the EM waves in these
structures and the materials they are made up of, Maxwell’s equations have
to be solved either in differential or integral form. A few of these structures
such as simple strip lines have simple reliable analytic solutions to the
Maxwell’s equations. However, many systems in practice are complex and
the solutions to the equations are not trivial. Therefore, numerical solutions

using computer simulations are employed in practice.

These methods of solving complex problems using computer simulation are
commonly referred to as numerical modelling techniques. Numerical
modelling techniques involve discretising the equations in time or frequency
as well as in space, such that the equations can be solved using a computer.
A wide range of numerical techniques for solving electromagnetic problems

in both differential and integral forms have been developed.

The field of study that deals with solving EM problems using numerical
techniques, also known as computer simulation techniques, is commonly
referred to as Computational Electromagnetics (CEM). CEM is a
demanding branch of engineering because the EM waves propagate over

large distances in a very short time and each material the propagating waves

16



Introduction

come in contact with also interacts with the waves. Further complication is
added to the analysis of these waves by the anisotropic and non-linear
behaviour of the materials they come in contact with. The aim of this thesis
Is to model axisymmetric radiating structures using a CEM method called
the Transmission Line Modelling (TLM) method or the Transmission Line

Matrix method.

Since the pioneering article on the TLM method was published by Johns
and Buerle in 1971 [1], the method has been studied extensively and has
become a powerful numerical tool in solving electromagnetic (EM)
problems. It is gaining increasing acceptance in the EM community because
of its stability, ease of application and capability for wideband applications
[2]. TLM has been successfully applied to simulate a wide range of
microwave problems and it has been found useful when modelling antennas
in complex environments [3]-[5]. The application of rectangular Cartesian
TLM to the modelling of radiating structures is not a new concept and it has

been extensively reported in the literature [6]-[9].

However, this numerical modelling method involves the representation of
the problem space in a discretised manner; a procedure simply referred to as
meshing of the simulation space. A TLM mesh in its basic form is
rectangular in nature and this makes mesh-to-structure conformity a
problem when modelling structures with curved features [10]. This
difficulty is a result of the fact that curved boundaries are approximated to
fit the numerical cells, resulting in a staircase approximation error at the
curved edges. Although many commercial solvers apply the TLM method to
the analysis of microwave structures, the simulations are based on
rectangular meshes [11]. Consequently, this results in a requirement to use a

large number of steps to represent smooth edges.
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Since the accurate solution of problems in electromagnetics ideally requires
conformity of the mesh with the structure being modelled, meshes have to
be formed in such a way that they map into the problem space or into the
system of interest as closely as possible [12]. In this regard, particular
attention is required in the description of localised geometry details and
geometrical features that have curved boundary when modelling complex
systems. When applying a rectangular TLM mesh to simulate antennas, the
common option for an acceptable level of accuracy to be obtained is to
perform mesh adaptation such that a finer mesh is used around the curved
boundaries [13]. The accuracy obtained through mesh adaptation comes at
the cost of an increase in both computer storage and computation time as
demonstrated in Chapter 3. Unstructured meshes such as the triangular and
tetrahedral meshes, which are more adaptable to the modelled structure have
recently been developed for TLM simulation method [14], [15]. However,
the generation of these adaptable meshes can also be mathematically
intensive depending on the nature of the object/structure to be modelled.
Since the nodes in these meshes have different scattering behaviour, large
storage space is also required to process and store the scatter-connect
procedure information for every node in the mesh [14]. Moreover, to
achieve an acceptable level of accuracy, these unstructured meshes, like
their rectangular counterpart, require some form of modification to fit

curved edges to the mesh.

To improve accuracy and still optimise storage and computation time,
curvilinear meshes where curved lines are used in the mesh formulation
have been proposed for better mesh-to-structure conformity [16]-[20]. The
cylindrical TLM mesh is an example of one of these curvilinear meshes. A
planar circular microstrip antenna has been reported to be successfully
simulated using cylindrical mesh [11] but there has not been any known

work done on nonplanar 3D antenna structures using cylindrical mesh. In
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this thesis, the application of curvilinear cylindrical TLM mesh to modelling

of radiating structures with axisymmetric shape is discussed.

1.1 THE PROBLEM STATEMENT

The efficient incorporation of suitably structured meshes in full-field time
domain models for accurate description of curved boundaries where the
need is to avoid staircase approximations is a challenging procedure [21].
With increasing technological advancement, the requirement for accurate
and efficient antenna design processes is becoming more important. This
poses a problem because many of the modelling tools in existence for
solving electromagnetic problems are either based on a rectangular
Cartesian mesh or other parallelepiped meshes with sharp corners. However,
when it comes to the modelling of radiating structures with curved
boundaries, the fundamental issues of the staircase approximation error in

rectangular Cartesian TLM mesh comes into play.

Substantial work has been done to improve the TLM method but the issues
associated with accurate and efficient representation of curved boundaries
are a point of concern [22]-[24]. In this research, a numerical model for
axisymmetric radiating structures with curved boundaries is developed,
based on the 3D cylindrical TLM algorithm.

1.2 Focus oF RESEARCH

This aim of this research is to improve the accuracy of modelling
axisymmetric structures by implementing a 3D cylindrical TLM mesh. The
research investigates the possibilities of surmounting the staircase
approximation limitation that is inherent in the rectangular Cartesian TLM
by efficiently implementing the 3D cylindrical TLM mesh. The

investigation results in the development of a numerical model for simulating
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axisymmetric radiating structures such as cylindrical and conical monopole
antenna. The developed model maximises the efficiency of TLM in antenna
modelling by exploiting the axisymmetric nature of these radiating
structures of interest to save time and computer resources and improving the

capability of TLM in ultra-wide band applications.
The objectives are:

e To bridge the gap between the theoretical foundations of cylindrical
TLM and its applications.

e To develop a simulation code for solving electromagnetic problems
in MATLAB using the TLM algorithm

e To investigate the performance of the developed numerical solver.

e To model axisymmetric radiating structures such as dipole,
monopole and wideband conical antenna structures using the
developed solver.

e To study the effects of slots and dielectric loaded slots on the

performance of the conical antenna.

1.3 CHoIicE OF MODELLING METHOD

CEM has experienced a phenomenal growth in the electromagnetic
community and time domain differential methods are becoming increasingly
popular [25]-[27]. This is due to the fact that they are versatile in handling
complex electromagnetic problems and provide simulation results that are
meaningful to microwave engineers and circuit designers. Research into
numerical modelling techniques has evolved over the years and has been
established in different fields of applications. Some of the computational
methods that are more widely used are Finite Element Method - Frequency
Domain Finite Element Method (FD-FEM) and Time Domain Finite
Element Method (TD-FEM) [28], Finite Difference Methods - Finite
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Difference Beam Propagation Method (FD-BPM), Finite Difference Time
Domain (FDTD) method and Finite Difference Frequency Domain method
(FDFD) [29]-[31], Transmission Line Modelling method (TLM) [32], Time
Domain Integral Equation (TDIE) techniques [33], [34], Method of
Moments (MOM) [35] and Fast Multipole Methods (FMM) [36],
Geometrical Theory of Diffraction (GTD) [37] and Finite Integration
Technique (FIT) [38] to mention a few.

The various available methods offer a wide range of modelling capabilities
with varying accuracy. The finite difference method (FDTD or FDFD)
involves spatial discretisation into rectangular blocks and it is commonly
applied in time domain form. It produces electric and magnetic fields at
alternate halves of the time step if applied in the time domain version but
the frequency domain application requires the solution of a set of
simultaneous linear equations. It is suitable for complex geometry but
boundaries generally must lie on cell faces, which lead to staircase
approximations of curved boundaries [31], [39]. The Finite Element Method
(FDFEM or TDFEM) involves spatial discretisation into tetrahedral blocks.
It is most commonly formulated in the frequency domain. It operates by
reducing the problem to a set of simultaneous linear equations, which are
then solved by minimising energy functional. Complex configurations and
material types are easily achieved in FEM and it is possible to attain
accurate geometry representation because the elements can be individually
scaled to fit the problem at hand. However, the flexibility of the element
shapes means that more effort, than what is required for rectangular
discretisation, goes into data preparation in FEM and with complicated
geometry; FEM use a lot of elements, particularly near to small geometrical
features [40]. In MOM, the modelling space is discretised into wires,
conducting patches or dielectric volumes. Although the time domain MOM
exists, it is commonly applied in the frequency domain. It functions by
reducing the integral form of Maxwell’s equation to a set of simpler linear
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equations, which are then solved by the technique called “the method of
weighted residuals”. The implementation of highly accurate absorbing
boundaries is possible in MOM. However, different forms of the field
integral equations apply to different sort of problem, which means that
combining two problem types such as wire and patches on a single

modelling space is not a trivial thing to accomplish [35].

The axisymmetric structures considered in this thesis include cylindrical
dipole, cylindrical monopole and conical dipole antennas. These structures
may be broadband in nature depending on their configurations.
Computational tools for broadband operations in most cases are simulated in
the time domain [21]. This is due to the fact that in dealing with the most
general material and conductor configurations at high frequencies,
differential time-domain techniques offer the most versatile simulation tool.
They have the capability of covering a wide frequency band in a single
simulation with an impulsive excitation and allow for solutions without the
need to solve large linear systems of equations [41]. Moreover, when
solving complex electromagnetic problems or modelling electromagnetic
fields in the time domain, the spectral characteristics are obtained over a
wide range of frequencies and the EM wave can be easily traced [42].
Transient phenomena can also be studied directly and dispersive and non-
linear behaviour can be easily modelled [43]. They are also particularly well
suited for implementation on parallel or vector processors [43]. In addition,
getting results in the frequency domain is not a problem because results
obtained in the time domain can easily be converted to frequency domain
using Fourier Transform [44]. In this light, FDTD and TLM are two
appealing numerical methods.

FDTD and TLM are both full-wave numerical techniques for solving
Maxwell’s equations and are closely related [45]. TLM nodes are modelled

using equivalent transmission lines for each node while FDTD models the
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propagation through the elements using a discrete form of Maxwell’s curl
equation. Results obtained from the two models have even been found to
have equivalent results in certain situations [46] [47]. For instance, Hoefer
[43] suggested that dispersion of the propagation vector is a good basis for
comparing discrete time domain field models and he investigated the
dispersion characteristic of TLM and FDTD equivalent schemes. He
concluded that the two models lead to practically identical results and he
recommended that the final choice between TLM and FDTD depends on
personal preferences and familiarity with one or the other method. A school
of thought says there is some difference between the two methods in term of
their formulation but Jin and Vahldieck [48] researched the derivation of
TLM using centred differencing and averaging and reported a positive
outcome, meaning that TLM can be formulated as the physical model of a
transmission line network or as the mathematical model of Maxwell’s
equations. Another school of thought suggested that the only difference
between the two lies in their field of application - FDTD found more
application in radiation and scattering while TLM has found its major use in
guided propagation problems[49]. However, more recent research has
proved that TLM can be equally applied in radiating and scattering
problems as FDTD [50] proving this distinction to be invalid.

As closely related as the two techniques are, TLM has been found to have
advantages over FDTD in certain applications. For instance, the TLM
boundary description is found to be twice as fine in relation to the FDTD
and TLM provides engineers with conceptual models using transmission
line rather than a mathematical model using differencing as applied in the
finite difference methods [51]. Furthermore, both electric and magnetic field
components are available at the same time step in TLM, which means that
all six field components can be access at one point in space, while they are
separated by half-time step in FDTD [52]; TLM stability has been found to
be better than that of FDTD in materials with high permittivity and TLM
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also performs better in modelling the fields around sharp conducting edges
[30].

Moreover, TLM is a conceptually simple but powerful technique for solving
electromagnetic problems and the method has been proven to be well suited
to analysing complex electromagnetic structures [53]. It is a time-based
numerical modelling method [3] [54] meaning that it can produce an
impulse response for the modelled system, which makes it suitable for
wideband applications [2]. It has been known to be a versatile numerical
tool in solving electromagnetic (EM) problems because of its stability and
ease of application [55] and it has the benefit of being a relatively
straightforward algorithm that is easy to implement [2]. It also has the
ability to take into account the local material properties, which means that
inhomogeneous materials can be described and complex physical structures
can be modelled. For this thesis, the computational tool of choice is the
TLM method.

1.4 NOVELTY OF RESEARCH

For objects with curved edges, it has been found that the TLM cylindrical
mesh yields more accurate results and brings about a reduction in the
number of nodes required for simulation compared to using a rectangular
Cartesian or other parallelepiped mesh. A TLM solver based on both
rectangular Cartesian and cylindrical TLM meshes has been developed in
MATLAB to verify this fact. This solver has the capability to simulate
microwave cavity problems and resonant structures. Canonical microwave
cavity problems with known analytical solutions have been simulated using
the developed solver and the results are encouraging. The cylindrical mesh
also allows the exploitation of symmetry and this results in optimised

modelling time when modelling cylindrical curvilinear structures.
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Radiating structures such as dipole, monopole and conical antennas were
modelled using the developed cylindrical solver. The simulation produced
results such as the operating frequency of the antenna, which agree with
analytical expectations. Prototype antennas were fabricated and measured to
validate the simulated results and the results compared well.

A novel conical antenna with periodic slot loading was developed and
measured. The simulation was conducted using the newly developed solver
and the proposed antennas fabricated and measured for results comparison.
Parametric studies on the effects of slot parameters such as its position,
depth, width and permittivity (dielectric loading) on the performance of the
solid cone antenna was carried out. Features displayed by the slotted-cone
antennas can be used as a tool for frequency selective property in conical
antennas operation, adjusting the operation bandwidth of a cone antenna and
to reject a band of unwanted frequencies. The inclusion of removable
dielectric material in the slots means that dielectric materials of various

permittivity values can be used to shift the operating frequency as desired.

1.5 STRUCTURE OF THESIS

Chapter 2 reviews the fundamentals of TLM. The derivations of the
rectangular TLM parameters and the formulations of TLM algorithm for

both 2D and 3D electric waves are also presented.

Chapter 3 is dedicated to simulations of canonical problems with known
theoretical solutions with the intention to validate the rectangular Cartesian

part of the code written for this research (TLS).

Chapter 4 deals with the fundamentals of cylindrical TLM and simulated
results for benchmarked microwave problems solved with cylindrical mesh

of the developed solver.
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Chapter 5 describes the application of the cylindrical TLM to the modelling
of axisymmetric radiating structures. Measured results of the fabricated
prototype compared to the simulated cylindrical and conical monopole

antennas are presented.

In Chapter 6, the modelling of axisymmetric conical antennas with
incorporated slots is described. Measured results of fabricated prototype

slotted-cone antennas are compared to the simulated results.

In Chapter 7, general remarks on the results achieved in the process of
modelling the axisymmetric radiating structures effectively using TLM

mesh and directions for further research are outlined.
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CHAPTER 2

INTRODUCTION TO TRANSMISSION
LINE MODELLING THEORY

This Chapter gives a general introduction to the Transmission Line
Modelling (TLM) method. The historical background of TLM method, the
theoretical relations of rectangular TLM nodes to the Maxwell’s equations,
the TLM implementation procedure and boundary application in TLM

method are discussed.

2.1 EVOLUTION OF TLM: THE HISTORICAL BACKGROUND

TLM has developed steadily over the years and is still evolving. The work
of Johns and Beurle in 1971 [1] started the research into TLM method and
played a significant role in its development. They were the first to propose
the TLM formulation of Maxwell’s equations. Their work was inspired by
the circuit analogy of EM phenomena proposed by Kron in 1944 [56]. Johns
and Beurle described a novel numerical technique for solving two-
dimensional (2D) problems based on Huygens’ principle [57]. Huygens’
Principle simply states that secondary wavelets that spread outward with a
speed equal to the speed of light are generated from every point of a wave
front. It can be inferred that every point in an EM wave acts as a source of
the continuing wave if Huygens’ analysis is considered in the light of

Ampere’s law (a flowing current in a conductor gives rise to a magnetic
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field) and Faraday’s law (varying magnetic field gives rise to an electric
field).

The theory of TLM is based on Maxwell’s equations in differential form [3]
but the algorithm is relatively straight-forward to implement because it uses
the concepts of circuit theory [2]. TLM does not solve the mathematics of
Maxwell’s equations directly but conceptually fills the simulation space
with transmission lines and calculates both the electric and magnetic fields
using the scatter-connect procedure of pulse propagation along the link lines
in the modelling space [58]. Time is also discretised in TLM models such
that the scatter-connect procedure takes place within a stipulated discrete
timeframe. As in any numerical method, the simulation space is finite and is
normally truncated at its periphery by the application of suitable boundaries.
Boundaries are implemented by applying various reflection coefficients to
the pulse arriving at the boundaries. They are applied at the points of
transition between two different materials in inhomogeneous media and at
the simulation edge. These boundaries are either placed at the centre of the
nodes nearest to the position where the boundary is required or between two

adjacent nodes nearest to the targeted position.

2D TLM was the first TLM structure developed. It was made up of two
transmission lines connected at the centre. The connecting point was
referred to as the node; a grid of these nodes was called a mesh and the
connecting lines between two nodes were called link lines. This structure
was named shunt node based on the nature of its connection at the node [1].
The shunt node was later optimised to accommodate the modelling of
inhomogeneous and lossy material and the corresponding series node was

also developed [59], [60]. A typical 2D node is as shown in Fig. 2.1.
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Fig. 2.1: A typical 2D TLM node.

Following the successful development of 2D TLM, Akhtarzad and Johns
developed the Expanded TLM node [10]. Problems mostly encountered in
general engineering applications are three dimensional (3D); therefore the
expanded TLM node was developed to address these types of problems. Its
development involved the combination of series and shunt nodes to
represent the six fields in space [10] . Its equivalent circuit consists of three
shunt and three series nodes electrically connected. The expanded TLM
node is similar in structure to the Finite Difference Frequency Domain
(FDTD) scheme developed by Yee [31] but unlike FDTD, it uses more
variables. The expanded node, however, has the advantage of generating
three of the six field components at each scattering point instead of one as is
the case in FDTD. The expanded TLM node is as shown in Fig. 2.2.

Fig. 2.2: The Expanded Node after Trenkic [62].
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The complicated topology of the expanded TLM node is a disadvantage
because the scattering procedure at its shunt nodes has a shift of half a
discretisation interval in time with respect to scattering in its series nodes
[63]. The implication of the shift is that field components with different
polarisations are calculated at points that are physically separated, which
makes it difficult to apply boundary conditions. The inability to place
boundaries correctly introduced possible errors especially when dealing
with the interfaces between different materials [53]. The theory of the
expanded node was reviewed in detail by Hoefer [22]. Some of the
shortcomings observed in the Expanded TLM node application were
improved on by Saguet and Pic [64] and led to the development of the
Asymmetrical Condensed Node (ACN) shown in Fig. 2.3.

Fig. 2.3: The Asymmetrical Condensed Node after Trenkic [62].

The ACN has the advantage of performing the scattering operation at one
point, which makes it more efficient in terms of computational resources. In
addition, all the field components can be obtained at a single point at the
same time and the boundary can be easily placed either at the centre of the

node or between two nodes. However, like the Expanded Node, the ACN
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node is asymmetric in nature and the first connection at the node can either
be series or shunt depending on the direction of approach. The implication
of this is that the boundaries may have slightly different properties when
approached from different sides and this difference can be significant when
dealing with high frequencies [65]. The ACN was later developed into
Symmetrical Condensed Node (SCN) by Johns [53]. A typical SCN is as
shown in Fig. 2.4.

Fig. 2.4: Symmetrical Condensed Node after Trenkic [62].

The SCN provides the six field components at the same point and allows for
easy placement of boundaries especially in inhomogeneous media. It is fully
symmetric, which removes the difficulties associated with the asymmetric
structures. The symmetry gives better accuracy and reduced dispersion
when using irregular nodes in a mesh[66]. The theory and application of the
SCN TLM is detailed in [3].

This thesis will be limited to the use of the 2D and the 3D SCN TLM
techniques but it is worth mentioning that various other techniques have
since been developed to enhance the implementation of TLM. Some of

these developments allow for arbitrary shapes and geometries with fine
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details to be modelled in TLM using hybrid variable mesh techniques [67],
multi-grid techniques [16], [68]—-[70] and general curvilinear meshes [71]-
[73]. Cylindrical TLM is a typical example of the curvilinear mesh. The
theory and implementation of this technique will be discussed to detail in
Chapter 4.

Some other developments such as the variation of the characteristic
impedance of the link lines to form hybrid TLM mesh such as Hybrid
Symmetrical Condensed TLM Nodes and Symmetrical Super-Condensed
TLM Nodes [74], [75] and the development of the Frequency Domain TLM
(FDTLM) [76]-[78] have resulted in a more efficient implementation of
TLM.
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2.2 MAXWELL’S EQUATIONS AND RECTANGULAR CARTESIAN
TLM ANALOGIES

As earlier mentioned in Section 2.1, Maxwell’s equations in differential
form are the basis for the theory of TLM. The components of the
transmission lines are derived from the analogy between Maxwell’s
equations and equations guiding the propagation of waves called wave
equations. The ease with which the TLM can be applied means that it is
possible to use it without an in-depth understanding of its relation to the
basic Maxwell’s equations it solves [79]. In this Section, the relationship
between Maxwell’s equations and the TLM components will be explored. In
its simplest form, the TLM mesh is a rectangular Cartesian grid of
uniformly spaced intersecting transmission lines. This basic structure is
what gave it the name rectangular Cartesian TLM. For the rest of this thesis,
it will simply be referred to as rectangular TLM mesh. The focus of this
Section will be on the analogies of the Maxwell’s equations to the
rectangular TLM mesh.

2.2.1 MAXWELL’S EQUATIONS IN RECTANGULAR CARTESIAN FORM

Generally, Maxwell’s equations is expressed as [3]

oD
— 4 2.1
VxH=]+ R (2.1)
OB
_ 2.2
VXE = (2.2)
V.D=p (2.3)
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V.B=0 (2.4)

where H is magnetic field strength (Am™1), E is the electric field strength
(Vm~1); D is the electric displacement field (Cm™~2)); B is magnetic flux
density (T or Wbm™1); J is the conduction current density (Am™2); p is the

electric charge density (Cm™3)).

In linear, isotropic, non-dispersive materials, D and B are related to H and E

by

D = ¢E = gy&, E
(2.5)
B = pH = pou,H

where ¢ and u are the permittivity and permeability of the medium
respectively, &, and p,. are the relative permittivity and relative permeability
of the material respectively and g, (= 8.85x10™ Fm™1) and u, (= 41 x
1077 = 1.26 X 107 Hm™1) are the permittivity and permeability of free

space respectively.

In rectangular coordinates, Maxwell’s curl equation (2.1) can be expressed
as (2.6) - (2.8); (2.2) expressed as (2.9) - (2.11); (2.3) as (2.12) and (2.4) as
(2.13).

OH, 3H, oD, 25)
dy 9z ¥ ot '
OH, OH, oD,

_OH, _ 0Dy 2.7
5z ax Pt 27)
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0H, OH,  aD,

0x ay_2+¥

dE, O0E, 0B,

dy oz at

0E, 0E, 0B,

0z 0x ot

dE, 0E, 0B,

dx  dy Jt

o
=
3
o
=
R
M D

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

where H,, Hy, H; are the magnetic field components in x, y and z direction;

Ex Ey, E; are the electric field components in x, y and z directions; By, By, B,

are magnetic field components in the x, y and z direction; Dy, Dy, D, are the

electric displacement fields in the x, y and z directions.

In this Section, Maxwell’s equations have been expressed in rectangular

coordinate. These equations will be used in Section 2.3.2 to show the

relationship of the Maxwell’s equations to the parameters of the rectangular

TLM.
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2.2.2 ANALOGIES OF MAXWELL’S EQUATIONS TO THE RECTANGULAR

TLM CIRCUIT PARAMETERS

It is important to understand the composition of the rectangular TLM model
in order to compare it to Maxwell’s equations. The basic building block for
the TLM algorithm is the 2D model, which has two configurations on the x-
y plane — the shunt and the series configurations. The shunt configuration
models magnetic fields transverse to the direction of propagation of the EM
wave and admits only electric field components in the direction of
propagation, which means that the non-zero field components modelled
are: Hy,H, and E,. This is termed the Transverse Magnetic mode (TM
mode). The TLM series configuration models electric field components that
are transverse to the direction of propagation and admits only magnetic field
components in the direction of propagation, which implies that the non-zero
field components are E,, E, and H,. This is referred to as the Transverse
Electric mode (TE mode). Nevertheless, both the series and the shunt nodes
can be used in simulating either TE or TM modes by applying the principle
of duality in electromagnetics [3], as long as the appropriate analogy
between the circuit quantities and the fields is established. For simplicity,
the two models will be discussed separately and then the results will be

combined to form equations for general TLM nodes.

In the shunt node configuration, other field components beside H, ,

H, and E, are set to zero and the Maxwell’s equations reduce to:

OF, _ _ 0H, 0.1
ay ~ Hor '
_0E, _ _ oHy (2.15)

0x ot
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0H, OH, OE
y X _ z
ox  ay ot (2.16)

Differentiating equation (2.14) and (2.15) with respect to y and x
respectively, adding the resulting equation and combining with equation
(2.16) eliminates the magnetic field component to give (2.17), which is the

wave equation for 2-D propagation in rectangular form.

02E, 0%E, 92E,

oxz T ayr MG (@17)

In order to represent the Maxwell’s equations according to Huygens’s
principle, both space and time are divided into finite discrete elementary
units [80]. The length between two consecutive nodes is called discrete
length/ discrete space-step as shown in Fig. 2.5. The discrete length is
denoted Ax, Ay or Az depending on the direction of interest as illustrated in

Fig. 2.5.

< AX =

Fig. 2.5: Discrete length in TLM node.
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For general use, it is usual to simply refer to the discrete length as Al and

this is obtained by finding the minimum value among Al,, Al, and Al ,

which are functions of Ax, Ay and Az and are given as:

AyAz
Al =
x Ax
Al __AxAZ
y Ay
AxAy
Al, =
z Az

(2.18)

The electrical components of a single shunt node are as shown in Fig. 2.6.

Assuming an equal small space-step in all propagation directions i.e.Al — 0,

then the differential equation describing the circuit quantities may be

expressed as:

v, al,,
dy ot
v, a1,
ox Jt
oy O 0%
dy  Ox at
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Fig. 2.6: Shunt 2D TLM node

Differentiating equation (2.19) and (2.20) with respect to y and x
respectively, adding the resulting equations and combining it with equation
(2.21) eliminates the current terms and gives (2.22)

o2y, 92V, 92V,
+ = 2LC
d0x? = 0y? dt?

(2.22)

Equation (2.21) is isomorphic to (2.16) and (2.22) is isomorphic to (2.17).
When the equations are compared the following equivalences are
established:

» the electric field component (E) maps unto the electric potential (V)

to give

E = -2 (2.23)
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» magnetic field component (H) maps unto the nodal current (1) to

give

I

H. =X

Y Al
I

H Y

x Al

» the permeability (1) maps unto inductance (L) to give:

L = uAl

» and permittivity (€) maps unto capacitance (C) to give:

2C = eAl

(2.24)

(2.25)

(2.26)

(2.27)

Solutions to the Maxwell’s equations and their analogies to the TLM

parameters, for the series configuration shown in Fig. 2.7 are obtained by

following the same procedure as with the shunt TLM configuration.
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The non-zero field components are E,, E, and H,. Maxwell’s equations
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Fig. 2.7: Series 2D TLM node.

then reduce to:

0H,  0E, .
ay ot (2.28)
oH,  OE,

_oH. Oy 2.29
ax _ “ ot (2.29)

0E, OE oH
9By OEx __ OHx
oax oy Mot (2:30)

and the mapping equations are:
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dl
Y _ % (2.31)
0z dat
oy _ _ 9% (2.32)
dx dt
v, aV, al,
Xy ZZ_ 91 Y 2.33
0z + 0x 2L at ( )

The mapping of (2.30) into (2.33) results in the magnetic field component
(H,) as given in (2.34) and the inductance (L) in (2.36). (2.28) and (2.29)
maps unto (2.31) and (2.32) respectively to give the electric field
components given in (2.35) and the capacitance (C) as shown in (2.36)

I,
=_Z 2.34
H, N (2.34)
Ve
@_—E
(2.35)
14
__
Ey = Al
2L = uAl (2.36)
C = Al (2.37)
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2.2.3 DERIVATION OF TLM NODE PARAMETERS

The relationship between Maxwell’s equations and the parameters of the
TLM was established in Section 2.3.2. In this Section, the procedure for

determining the TLM parameters is discussed.

For a 3D TLM node, there are parameter variations in three dimensions and
the total capacitance, C of the node given in (2.27) can be expressed as
(2.38):

Cx
c=|c (2.38)
C,

where C, , C, and C, are the capacitance values for the x, y, and z

dimensions expressed as (2.39) [16]
Cx = &Aly; C, =¢g)AlL,; C, = ¢g,Al (2.39)

In the same manner, the total inductance of the node, L given in (2.26) can

be expressed as (2.40):

x

L
L

N

where L, , L, and L, are the inductance values for the X, y, and z dimensions

expressed as (2.41) [16]:

Ly = pehly; Ly, = pyAly; L, = p,AL (2.41)
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In the TLM mesh, the time it takes for the pulse to travel the node distance
(Ax, Ay or Az) and arrive back at the centre of the nodes is called the time-
step (At). During the scatter-connect procedure of the TLM scheme, some
of the scatter pulses propagate forward to connect with the adjacent nodes
while some reflect back to the originating node within this constant
propagation time, At. It is essential that all pulses, transmitting or reflecting,
arrive back at the centre of nodes at the same time. This requirement is
termed synchronism and it is very crucial to the stability of the TLM scheme.
In order to fulfil this requirement, it is important to know the velocity of
propagation along the link lines and determine an appropriate value of At.

The procedure for determining this will be discussed later in this Chapter.

Up to this point, equal space-step (Al) assumption in all directions has been
made but this may not be applicable in practice because inhomogeneous and
lossy materials are used for various purposes. Numerical problems
containing materials with relative permittivity and relative permeability
greater than 1 (g, > 1, wu, > 1) vary the speed of waves and the space-step
has to be adjusted accordingly in order to maintain synchronism in the
scatter-connect procedure of the TLM scheme. Some problems require that
the simulation space be modelled with meshes of various node sizes. Thus,
special methods for handling irregular and non-uniform nodes, while
maintaining synchronism in the scatter-connect procedure of the TLM,
become necessary. One of the approaches for doing this is the introduction

of stubs.

The stub works in such a way as to increase the local permittivity and
permeability without affecting the synchronism in the circuit. When dealing
with inhomogeneous materials or non-cuboid nodes, stubs are added to the
nodes to account for variability in the permeability and/or permittivity of the
medium [81]. They are also added in order to account for losses in the

medium and to correct for variation in distances travel by pulse when
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travelling through a mesh of non-cubic node. The capacitive stub, also
known as open-circuit stub, models additional permittivity by increasing the
capacitance and it generally applies in shunt-connected networks. It is
achieved by maintaining an open-circuit at one end of the transmission line
section implying a reflection coefficient of 1. The inductive stub models
additional permeability in series-connected networks by increasing the
inductance and this is achieved by short-circuiting one end of the
transmission line section. A reflection coefficient of -1 applies. To maintain
synchronism, they are designed such that a pulse propagates from the node

centre to the stub termination in half the discretised time (At/z) in order to

ensure that any pulse incident on a stub returns back to the node at time, At.

As shown in Fig. 2.8, the scattered pulse at B takes time At to arrive at
junction A while the pulse scattered into the stub at node A takes time At/z

to arrive at the junction, meaning the two pulses arrive at node junction A at

the same time before the scattering procedure is repeated.

Fig. 2.8: Stub application in TLM.
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Equations (2.39) and (2.41) are essential to the proper modelling of any
TLM node irrespective of the combination of link lines and stubs it is made
up of. For example, the total capacitance modelled by the SCN node in one
direction is represented by the distributed capacitances of the transmission
lines and stub polarised in that direction. This means that the total
capacitance modelled by an SCN in the z-direction (C,) is represented by
the distributed capacitance of the z-polarised transmission lines of length Ax
and Ay plus the capacitance of the open-circuit stub in the z-direction ( C,,),

expressed as (2.42):

C; = Cyybx + Cyy Ay + Co (2.42)

The total capacitance equation for the other directions can be expressed as
(2.43) - (2.44):

Cy = CpxDz + CyyAy + Cop (2.43)

Cy = CuyAx + CpyAz + C, (2.44)

In the same way, the total inductance modelled by the SCN in the z-
direction (L,) is represented by the distributed capacitance of the z-polarised
transmission lines of length Ax and Ay and the inductance of the short-

circuit stub in the z-direction (L,) as (2.45):

L, = LyyAx + Ly, Ay + L, (2.45)

Total inductance equations for the other directions can also be expressed as
(2.46) - (2.47):
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Ly = Ly, Ay + LyyAz + Ly, (2.46)

Ly = LyyAx + LAz + L, (2.47)

Equations (2.48) - (2.53) represent the correct modelling of the simulated
medium using any type of the 3D node and these are obtained by
substituting (2.42) - (2.44) in (2.39) and (2.45) - (2.47) in (2.41)

CxzDx + Cy Ay + Cpy = &AL (2.48)
CyxyDx + CpyAz + Cyy, = €,Al, (2.49)
CyxzBx + C,, Ay + Cp, = £,AL, (2.50)
LyyDx + Lyy Ay + Ly, = py Al (2.51)
Ly,Ay + L,yAz + Lsy = pyAl, (2.52)
Ly, Ax + LAz + Ly, = p Al (2.53)

As earlier mentioned, the value of At in the TLM scheme is related to the
velocity of propagation along the link lines. The velocity of propagation
along specific transmission link lines is a function of the distributed
capacitance and inductance in that direction. It can be calculated as the ratio
of the node distance to the time-step, i.e. the velocity of propagation along
x-directed, z-polarised link line, for instance, is given by (2.54) and (2.55):

47



Introduction to Transmission Line Modelling Theory

1
Uyz = 2.54
Y JLgCrs (2:54)
Ax
Ve = (2.55)

Combining (2.54) and (2.55), time synchronism can be enforced on the link
line xz as (2.56):

Ax

At = — = Ax\[LC,, (2.56)

vx V4

Similarly, the time-step for the other link line can be calculated as (2.57) -
(2.61):

Ax

At = — = Ax /nycxy (2.57)
Uxy
Ay

At = — = Ay /Lyxcyx (2.58)
Vyx
Ay

At = — = Ay /Lyzcyz (2.59)
Vyz

Az

At = — = AzJL,,.C,, (2.60)

vZ X

Az
At =—=Az fLZyCZy (2.61)
Vzy
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Other important parameters in TLM are the characteristic impedances (Z)

and admittances (Y) of the link lines. The characteristic impedance of an x-

directed, z-polarised link line is given as (2.62):

L 1
Xz _ (2.62)

The relationship between At, Y,, and Z,, can be obtained by combining
(2.56) and (2.62) as in (2.63) and (2.64). Similar equations can be obtained

for the other five link lines.

L. ,Ax
Zyy = th (2.63)
and
C,,Ax
Y, = th (2.64)

In conventional TLM nodes, it is required that the link lines have the
characteristic impedance of the background medium [82], usually assumed
to be free-space. The impedance and admittance of the free space are

calculated as (2.65):

Zy =+ lo/&o

YO = 1/Z0

(2.65)
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The characteristic admittance of a capacitive stub, Y, is given as (2.66) and

the characteristic impedance of an inductive stub, Z, is given as (2.67) [83]

2C

Yoq = A;q (2.66)
2L
Zgy = A;" (2.67)

where subscript o and s signify open-circuit stub and short-circuit stub
respectively and q represents the coordinate axis. C, is the stub capacitance

and L, is the stub inductance

The description of the physical property of the medium is achieved by a
combination of its parameters - the capacitance (2.48) - (2.50), the
inductance (2.51) - (2.53) and the conditions for time synchronism (2.56 -
2.61). The combination of these three parameters gives (2.68) - (2.73):

(Zay + 2+ 202)/2 = 1, s (268)
(Zys+ Zuy + 2022 = s o (269)
(Zaz + Zpx + Z5y) /2 = 1y i;ii (2.70)
(Yos + Yy +¥,,)/2 = £, 22 2.71)

AzAt
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AxAz

(Yy + Yy +Y,,)/2 = ¢, AyAL (2.72)
AyAz

(Yyx + Yo + Yor )/2 = & A (2.73)

Link and stub parameters (Y,, and Z,;) can be obtained using either
(2.68) — (2.73) or (2.48) - (2.53). By imposing the constraint of having free-
space as the background medium [82], the impedance of the link lines
become the impedance of free space and (2.68) - (2.73) can be simplified to

obtain Y,, and Z, as (2.74) - (2.75):

&.,Al

Yoq = ZYO( rchtq - 2) (2.74)
Al

Z,, =27, (” rcht 1_ 2) (2.75)

In an application where only a slice of the model is required, meaning that
2D TLM will be more efficient for the simulation, there is a little change to
the calculation of the link line impedance. The impedance of link lines for
2D-TLM is ZyV/2 = m This constraint changes the stub equations
(2.74) and (2.75) to (2.76) and (2.77):

&g Al

Yoq = ZYO( et \/E) (2.76)
Al

Zgg = 22, (Mt - V2) (2.77)
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It is important to note is that in practical problems, the modelling space is
not loss free and the effect of these losses may need to be accounted for in
the TLM formulations. Stubs of infinite lengths can be inserted at the
scattering junction of node to represent these losses [75]. A stub that serves
as a lossy element does not reflect any pulse but dissipates all of the energy
that enters it. In this way, it models the dissipation of energy without
tampering with the velocity of wave propagation. In 2D networks, a shunt
conductance, G gives electric losses by modelling electric conductivity
while series resistance, R gives magnetic losses in series 2D network by
modelling the magnetic conductivity. In an SCN network, six additional
stubs are required, one shunt conductance, G, and one series resistance, R,

for each of the three directions. They are given as (2.78) and (2.79):

Gy = Oogl, (2.78)

Ry = Ol (2.79)

where o, signifies electric conductivities and o,,,, magnetic conductivities

respectively in g coordinate axis.

In summary, when modelling materials with arbitrary permittivity and
permeability or using graded mesh (i.e. use of discretisation nodes of
arbitrary aspect ratio), open and short-circuit stubs are added to the
conventional TLM [53]. Six stubs are added to the SCN node to account for
the irregularity in mesh and material properties and another six to account
for losses in the node. A node with stubs is usually referred to as a stub-
loaded SCN. However, some disadvantages associated with the addition of
the stubs include more demand for storage capacity, more dispersion and the

necessity to keep the time-step small in order to avoid introducing stubs
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with negative impedance, which bring about instabilities in the TLM
scheme [84].

Other approaches have been developed to address the issue of non-uniform
grids and changes in permittivity and permeability when modelling
homogenous media in TLM. These methods involve changing the
characteristic impedances of the link lines. One example of this method is
the Symmetrical Super-Condensed Node (SSCN) [85]. Stubs are not
required in the implementation of the SSCN [86]. Permittivity and
permeability of the simulated medium are modelled into the link lines as
inductances and capacitances, making the characteristic impedance of the
six link lines at each node to be different to one another. One problem with
SSCN is the requirement to model reflection/transmission processes at the
boundaries between distinct node regions to account for the differences in
link line impedances. In some cases, both the application of stubs and
modification of link line impedance are combined to model an
inhomogeneous medium as in Hybrid SCN, HSCN [67] [74], [87]. HSCN
has two configurations, type 1 HSCN and type 2 HSCN. Type 1 HSCN is a
TLM node whereby all inductances are modelled by the link lines and hence
there is no need for inductive stubs. Type 2 HSCN may be implemented
where all capacitances are modelled by the link lines and there are no
capacitive stubs. The HSCN does not require as much storage space as stub-
loaded SCN for general problems. It has better dispersion properties and can
be operated with larger time-steps compared to the stub-loaded SCN [24].
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2.3 IMPLEMENTATION OF THE TLM ALGORITHM

The derivation of the TLM node parameters has been established in Section
2.2. In this Section, the procedure for the implementation of the TLM
algorithm will be discussed.

In 1690, Huygens stated that each point on the wave-front acts as an
isotopic spherical radiator and the superposition of all the elementary point
radiators forms a new wave-front [57]. This is the mechanism by which
wave-front propagates and it is the method adopted in the formulation of the

TLM procedure.

Solving electromagnetic problems with TLM involves populating the entire
problem space with a grid of transmission lines in each direction and
launching an excitation at a node of choice depending on the nature of the
problem [58]. The pulse reflected from a node impinges on another node
adjacent to it and sets up a spherical wave. Every voltage pulse that arrives
at a particular transmission line is regarded as an incident voltage and is
represented with the superscript i while the scattered/reflected voltage
travelling away from the node is represented with the superscript r. The
pulse propagates and scatters on the entire grid of lines that make up the
modelling medium. The procedure by which TLM models the EM field
propagation in the modelling space is termed the scatter-connect procedure
[7], [88]. Before describing the scatter-connect procedure in detail in the

next Section, it is important to first define some useful notations.

Voltages leaving or arriving at the ports of the node are called port voltages.
They are named using a three-letter subscript convention proposed by
Trenkic et al [85]. The first letter of the subscript represents the direction of
the propagation, the second represent the position of the voltage pulse
relative to the centre of the node (positive, p or negative, n side of the

coordinate axis) and the third letter indicates the direction of polarisation of
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the voltage pulse. Using dummy indices i and j, we can write a general
notation for voltage pulses at the node as V;,; and V;,;. The voltage V;,;
then represents a voltage pulse on the negative side of the node along an i-
directed, j-polarised transmission line and V;,; is the voltage on the positive
side of the same line. For the twelve link line voltages of the SCN, these
dummy indices should be replaced by x, y, z, where i,j € {x,y,z}andi #j .
For example, the port voltage V,,,, represents an x-directed voltage pulse,
located on the negative/left side of the node-centre and polarised in the z-
direction. To differentiate between the reflected and the incident voltages at
the port, a superscript letter r or i is added to the voltage such as inny
and Vi, The notations for the link line currents follow the same principle

as the link voltages.
2.3.1 SCATTER-CONNECT PROCEDURE IN2D TLM

A 2D TLM node consists of two intersecting transmission lines of equal
lengths and characteristic impedance, Z,. The intersection of the lines
forms a node with four ports. When a pulse of 1V is launched on one of the
4 ports to excite the node as shown in Fig. 2.9, it travels to the intersecting
junction between the lines. The pulse scatters at the junction and follows all
available channels. The energy at the excited node is conserved and the
incident pulse spreads isotropically from the node junction to become
incident on adjacent nodes.

In a shunt configuration, the link lines are arranged in parallel. The 1V
incidence pulse entering from one of the four ports into the node sees three
link lines in parallel. At the junction, the effective impedance Z; seen by the

incident pulse is Z, = Z,/3. The reflection coefficient, T is calculated as

=0, - 2))/(Z, + Z,) = —0.5 (2.80)
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and the transmission coefficient, t is

T=27,/(Z, +Z,) = 0.5 (2.81)

The incident pulse generates four new pulses at the junction — three
transmitted and 1 reflected as shown in Fig. 2.9. The four new pulses form a
spherical wave of 0.5V in each direction depicting Huygens principle in a
discrete way. The 0.5V pulse is transmitted to each of the link lines and the -
0.5V scattered pulse combines with the incident pulse to form 0.5V pulse,
which causes the continuity around the node to be maintained. The scattered
pulses travel through the link lines to the adjacent nodes and become the
incident pulses on these nodes. As it arrives at the adjacent node, it sets up a
secondary radiation as shown in Fig. 2.10. It is this principle of scatter and
connect that characterises the TLM procedure.

0.5V

25| o2s
W 0.25 N o025 Yo0.25

\ |

I 054 ] 0.25 A W-0.25 A 0.25
5

| \

Fig. 2.10: The scatter-connect procedure in 2D TLM.
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Equations guiding the scattering procedure of the TLM nodes are obtained
using the Thevenin’s equivalent circuit models for the shunt and series

nodes shown in Fig. 2.11 and Fig. 2.12 respectively.

Fig. 2.11: Thevenin equivalent circuit for the 2D shunt TLM node after Flint
[89].

Fig. 2.12: Thevenin equivalent circuit for the 2D series TLM node after
Flint [89].

In 2D TLM, equations relating the input and output voltages for nodes with

equal discrete lengths in all dimensions are expressed in matrix as [3]:
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VT =Syt (2.82)

where V! is given as:

~

yi= I[ x”z]l (2.83)
i

V" as:

[Van]
T
VT = Viepz (2.84)

[%ZJ
Vypz

and S is the scattering matrix. For the shunt 2D TLM, S is expressed as:

-1 1 1 1
_ 1 -1 1 1 2.85
S=05( ;1 1 _1 1 (2.85)
1 1 1 -1

1 1 1 -1
_ 1 1 -1 1 2.86
§=05| ;7 _3 11 (2.86)
-1 1 1 1

Equations (2.82) - (2.86) were implemented in the developed solver to

obtain reflected voltages at the node of the 2D model.
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The reflected/scattered voltages are connected to the adjacent nodes and
they are scattered again at the junction of the next node. The connection
between nodes in a typical 2D TLM mesh is shown in Fig. 2.13 and the

connection is guided by [3] :
inpz(xiyiz) = er;lz(x + 1inz)

Vinz(x + 1,y,2) = Vip,(x,7,2)

. (2.87)
Vylpz(xi Bz z) = Vyr;lz(x' y+1, z)
Vyinz(xf y + 1! Z) = Vyg:)z(xf Y Z)
I (x. v+1,2)
I (x-1, 2) I (x, 1, 2) (x+1, Lz)l
y
(x, J'"L Z) i
7 X
Fig. 2.13: Connection process on a 2D TLM mesh.
The field components in the mesh are calculated for the shunt node as:
g oo Ve 05(Vps + Vins + Vs + Vo)
z Al Al
(2.88)
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and for the series node:

L — O-S(VSznz — Vinz — Vypz + V;cpz)

Ho=-3~ ZyAl
V;C (Vynz + VJ’PZ)
E. =—2=2x2"7 2/ 2.89
x Al Al (289)
g =B (Veno + Vo)
Y Al Al

2.3.2 SCATTER AND CONNECT PROCEDURE IN 3D SYMMETRICAL
CONDENSED NODE TLM

The 3D SCN model [90] follows the same scattering and connecting
procedure as that of the 2D. It is however more complex in that the link at
the junction is a virtual connection. The 3D node combines the series and
shunt modes of the 2D TLM nodes.

In a 3D workspace, there are six intersecting transmission lines
interconnected in such a way that each node face has two corresponding
orthogonal ports thereby giving rise to twelve ports per node. The 3D SCN
node structure is as shown in Fig. 2.14. The field polarisations are
represented by the voltages at these orthogonal ports and appropriate
summation of the port voltages at the nodes results in appropriate E and H
field components [91]. Parameters of the cuboid-shaped TLM node with
material properties u and € and arbitrary dimensions Ax, Ay and Az, can be

derived using the system of equations described in this Section.
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Fig. 2.14: Three-Dimensional SCN node after Johns [2].
2.3.3 DERIVATION OF TLM NODE PARAMETERS

The relationship between the Maxwell’s equations and the parameters of the
TLM has been established in Section 2.3.2. In this Section, the procedure

for determining the TLM parameters is discussed.

For a 3D TLM node, there are parameter variations in three dimensions and

the total capacitance, C of the node given in (2.27) can be expressed as:

Cx
c=|c, (2.90)
C

Z
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where C, , C, and C, are the capacitance values for the x, y, and z

dimensions expressed as [16]

Cy = &Aly; C, =¢g/Aly,; C, = g,Al, (2.91)

In the same manner, the total inductance of the node, L given in (2.26) can

be expressed as:

x

L
L=|L, (2.92)
L

N

where L, , L, and L, are the inductance values for the X, y, and z dimensions

expressed as [16]:

Ly = u Aly; Ly, = py,Aly; L, = p Al (2.93)

In the TLM mesh, the time it takes for the pulse to travel the node distance
(Ax, Ay or Az) and arrive back at the centre of the nodes is called the time-
step (At). During the scatter-connect procedure of the TLM scheme, some
of the scatter pulses propagate forward to connect with the adjacent nodes
while some reflect back to the originating node within this constant
propagation time, At. It is essential that all pulses, transmitting or reflecting,
arrive back at the centre of nodes at the same time. This requirement is
termed synchronism and it is very crucial to the stability of the TLM scheme.
In order to fulfil this requirement, it is important to know the velocity of
propagation along the link lines and determine an appropriate value of At.
The procedure for determining the value of At will be discussed later in this
Chapter.
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Up to this point, equal space-step (Al) assumption in all directions has been
made but this may not be applicable in practice because inhomogeneous and
lossy materials are used for various purposes. Numerical problems
containing materials with relative permittivity and relative permeability
greater than 1 (e, > 1, u, > 1) vary the speed of waves and the space-step
has to be adjusted accordingly in order to maintain synchronism in the
scatter-connect procedure of the TLM scheme. Some problems required that
the simulation space be modelled with meshes of various node sizes. Thus,
special methods for handling irregular and non-uniform nodes, while
maintaining synchronism in the scatter-connect procedure of the TLM,
become necessary. One of the approaches for doing this is the introduction
of stubs.

The stub works in such a way as to increase the local permittivity and
permeability without affecting the synchronism in the circuit. When dealing
with inhomogeneous materials or non-cuboid nodes, stubs are added to the
nodes to account for variability in the permeability and/or permittivity of the
medium [81]. They are also added in order to account for losses in the
medium and to correct for variation in distances travel by pulse when
travelling through a mesh of non-cubic node. The capacitive stub, also
known as open-circuit stub, models additional permittivity by increasing the
capacitance and it generally applies in shunt-connected networks. It is
achieved by maintaining an open-circuit at one end of the transmission line
section implying a reflection coefficient of 1. The inductive stub models
additional permeability in series-connected networks by increasing the
inductance and this is achieved by short-circuiting one end of the
transmission line section. A reflection coefficient of -1 applies. To maintain
synchronism, they are designed such that a pulse propagates from the node
centre to the stub termination in half the discretised time (At/2) in order to

ensure that any pulse incident on a stub returns back to the node at time, At.
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Equations (2.39) and (2.41) are essential to the proper modelling of any
TLM node irrespective of the combination of link lines and stubs it is made
up of. For example, the total capacitance modelled by SCN node in one
direction is represented by the distributed capacitances of the transmission
lines and stub polarised in that direction. This means that the total
capacitance modelled by an SCN in the z-direction (C,) is represented by
the distributed capacitance of the z-polarised transmission lines of length Ax
and Ay plus the capacitance of the open-circuit stub in the z-direction ( C,,),

expressed as

C; = Cyybx + Cyy Ay + Co (2.94)

The total capacitance equation for the other directions can be expressed as:

Cy = CpxDz + CyyAy + Co (2.95)

Cy = Ceyx + CpyAz + Cyyy (2.96)

In the same way, the total inductance modelled by SCN in the z-direction
(L,) is represented by the distributed capacitance of the z -polarised
transmission lines of length Ax and Ay and the inductance of the short-

circuit stub in the z-direction (Ly,) as:

L, = LyyAx + Ly, Ay + L, (2.97)

Total inductance equations for the other directions can also be expressed as:
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Ly = Ly, Ay + LyyAz + Ly, (2.98)

Ly = LyyAx + Ly Az + L, (2.99)

Equations (2.48) - (2.53) represent the correct modelling of the simulated
medium using any type of the 3D node and these are obtained by
substituting (2.42) - (2.44) in (2.39) and (2.45) - (2.47) in (2.41)

CxzDx + Cy Ay + Cpy = &AL (2.100)
CayDX + CpyBz + Coy = €,AL, (2.101)
CyxzBx + C,, Ay + Cp, = £,AL, (2.102)
LyyDx + Lyy Ay + Ly, = py Al (2.103)
Ly,Ay + L,yAz + Lsy = pyAl, (2.104)
Ly, Ax + LAz + Ly, = p Al (2.105)

As earlier mentioned, the value of At in the TLM scheme is related to the
velocity of propagation along the link lines. The velocity of propagation
along specific transmission link lines is a function of the distributed
capacitance and inductance in that direction. It can be calculated as the ratio
of the node distance to the time-step, i.e. the velocity of propagation along
x-directed, z-polarised link line, for instance, is given by (2.54) and (2.55):
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1
Uyz = 2.106
Y JLgCrs (2.106)
Ax
Ve = (2.107)

Combining (2.54) and (2.55), time synchronism can be enforced on the link

line xz as:

Ax

At = — = Ax\[LC,, (2.108)

vx V4

Similarly, the time-step for the other link line can be calculated as:

Ax

At = — = Ax /nycxy (2.109)
Uxy
Ay

At = —— = Ay /Lyxcyx (2.110)
Vyx
Ay

At = —— = Ay /Lyzcyz (2.111)
Uy

At = — = AzJL,.C,, (2.112)

Az
At =—= Az fLZyCZy (2.113)
Vzy
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Other important parameters in TLM are the characteristic impedances (Z)

and admittances (Y) of the link lines. The characteristic impedance of an x-

directed, z-polarised link line is given as:

L
Z,= |[2E=— (2.114)

The relationship between At, Y,, and Z,, can be obtained by combining
(2.56) and (2.62) as in (2.63) and (2.64). Similar equations can be obtained

for the other five link lines.

L. ,Ax
Zyy = th (2.115)
and
C,,Ax
Y, = th (2.116)

In conventional TLM nodes, it is required that the link lines have the
characteristic impedance of the background medium [82], usually assumed
to be free-space. The impedance and admittance of the free space are

calculated as:

Zy =+ lo/&o

YO = 1/Z0

(2.117)
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The characteristic admittance of a capacitive stub, Y, is given as (2.66) and

the characteristic impedance of an inductive stub, Z, is given as [83]

2C

Yo, = A‘;q (2.118)
2L
qu = A;q (2.119)

where subscript o and s signify open-circuit stubs and short-circuit stubs

respectively and q represents the coordinate axis. C,, is the stub capacitance

and L, is the stub inductance.

The description of the physical property of the medium is achieved by a
combination of its parameters - the capacitance (2.48) - (2.50), the
inductance (2.51) - (2.53) and the conditions for time synchronism (2.56 -

2.61). The combination of these three parameters gives:

AxAy

(Zay + Zyx + Z51)/2 = 1y o (2.120)
AyAz

(Zys +Zyy + Zsx) /2 = py T (2.121)
AxAz

Zyy ¥ 7, +7,)/2 = :

(Zaz + Zpx + Z5y) /2 = 1y AyAL (2.122)
AxA

(sz t1, + Yoz)/2 =& Y (2.123)

AzAt
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AxAz

(Yy + Yy +Y,,)/2 = ¢, AyAL (2.124)
AyAz

(ny + Yo + Yox)/z = & AxAL (2.125)

Link and stub parameters (Y,, and Z;) can be obtained using either
(2.68) - 2.73) or (2.48) - (2.53). By imposing the constraint of having free-
space as the background medium [82], the impedance of the link lines
become the impedance of free space and (2.68) - (2.73) can be simplified to

obtain Y,, and Z, as:

&5l

Y, = 2Y, ( rchtq — 2) (2.126)
Al

Z,, =27, (” rcht 1_ 2) (2.127)

In an application where only a slice of the model is required, meaning that
2D TLM will be more efficient for the simulation, there is a little change to
the calculation of the link line impedance. The impedance of link lines for
the 2D TLM is Z,V2 = m This constraint changes the stub
equations (2.74) and (2.75) to:

&g Al

Yoq = zyo( et \/E) (2.128)
Al

Z,, =22, (“ L \/E) (2.129)
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It is important to note that in practical problems, the modelling space is not
loss free and the effect of these losses may need to be accounted for in the
TLM formulations. Stubs of infinite lengths can be inserted at the scattering
junction of node to represent these losses [75]. A stub that serves as a lossy
element does not reflect any pulse but dissipates all of the energy that gets
to it. In this way, it models the dissipation of energy without tampering with
the velocity of wave propagation. In 2D networks, a shunt conductance, G
gives electric losses by modelling electric conductivity while series
resistance, R gives magnetic losses in series 2D network by modelling the
magnetic conductivity. In SCN network, six additional stubs are required,
one shunt conductance, G, and one series resistance, R, for each of the three

directions.

Gy = Teqhl, (2.130)

Ry = Omgl, (2.131)

where o, signifies electric conductivities and o,,,, magnetic conductivities

respectively in g coordinate axis.

In summary, when modelling materials with arbitrary permittivity and
permeability or using graded mesh (i.e. use of discretisation nodes of
arbitrary aspect ratio), open and short-circuit stubs are added to the
conventional TLM [53]. Six stubs are added to the SCN node to account for
the irregularity in mesh and material properties and another six to account
for losses in the node. A node with stubs is usually referred to as a stub-
loaded SCN. However, some disadvantages associated with the addition of
the stubs include more demand for storage capacity, more dispersion and the

necessity to keep the time-step small in order to avoid introducing stubs
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with negative impedance, which bring about instabilities in the TLM
scheme [84].

Other approaches have been developed to address the issue of non-uniform
grids and changes in permittivity and permeability when modelling
homogenous media in TLM. These methods involve changing the
characteristic impedances of the link lines. One example of this method is
the Symmetrical Super-Condensed Node (SSCN) [85]. Stubs are not
required in the implementation of the SSCN [86]. Permittivity and
permeability of the simulated medium are modelled into the link lines as
inductances and capacitances, making the characteristic impedance of the
six link lines at each node to be different to one another. One problem with
SSCN is the requirement to model reflection/transmission processes at the
boundaries between distinct node regions to account for the differences in
link line impedances. In some cases, both the application of stubs and
modification of link line impedance are combined to model an
inhomogeneous medium as in Hybrid SCN, HSCN [67] [74], [87]. HSCN
has two configurations, type 1 HSCN and type 2 HSCN. Type 1 HSCN is a
TLM node whereby all inductances are modelled by the link lines and hence
there is no need for inductive stubs. Type 2 HSCN may be implemented
where all capacitances are modelled by the link lines and there are no
capacitive stubs. The HSCN does not require as much storage space as stub-
loaded SCN for general problems. It has better dispersion properties and can
be operated with larger time-steps compared to the stub-loaded SCN [24].

2.3.4 DISPERSION IN TLM

TLM, being a numerical method, is dispersive because of spatial
discretisation and it is a fundamental requirement that a suitable number of
nodes is used for the model [92]-[94]. The dispersive behaviour is due to

the fact that the time it takes for a pulse to propagate along the mesh axis at
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0° is not the same as the time required for the pulse to travel across the mesh
diagonal path (45%), meaning that its propagation characteristic is

anisotropic as shown in Fig. 2.15.

A}D
A A
B}C

Fig. 2.15: Dispersion in TLM mesh.

If the time taken for a pulse to move from point B in the mesh to point D
diagonally (BD) is t, then it will take the same pulse time 2t to reach the
same point D if it travels through the axial path BAD or BCD in the mesh.
In the case of the diagonal propagation, the TLM mesh propagation velocity

(urLpm) is given as [3]:

distance _ V2Al c

u = = =
TLM time 2At

Sl

For the axial path (0°),

(%)
CcTT AO

sin~1 [v/2 sin nA—l
[V2sin (v ;)]

Uty =

Where A, is the free space wavelength
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The dispersion reduces with increase in the number of nodes/ A as depicted
by the curves in Fig. 2.16.
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Fig. 2.16: Dispersion curve for TLM.

According to Hoefer [43], if maximum acceptable error for a model is 1%,
the ratio of length discretisation to that of the wavelength (Al/4) should be
smaller than 0.075, for all frequency of interest. Therefore, assuming the
maximum velocity error acceptable at the highest frequency of interest is
known, the dispersion curve can be used in determining the discretisation
length, Al for simulation.
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2.4 BOUNDARY APPLICATION IN TLM

As earlier mentioned in Section 2.1, external boundaries are needed at the
mesh edge. Therefore, boundaries are applied to restrict the computational
domain in numerical modelling. To model boundaries in TLM, appropriate
impulse reflection coefficients are introduced in the network and accounted

for by altering the scatter-connect procedure in the TLM algorithm as in [95]

neVm (0. q,7) = p Vit (p,q,7) (2.132)

where p is the reflection coefficient of the boundaries with values ranging
from -1 to +1 (i.e. =1 < p <= 1), n is the iteration counter, m is the node

number, and p, q and r are the coordinate indicators.

There are three conventional types of boundaries that could be used in the
TLM: the open-circuit boundary, the short-circuit boundary and the matched
boundary. In a shunt-connected 2D TLM in which the voltage simulates an
electric field, a short and open-circuit boundary simulates an electric wall
and a magnetic wall respectively. They are perfect reflecting walls of either
zero impedance (electric wall) or infinite impedance (magnetic wall). In an
open-circuit boundary, the pulse is reflected back into the physical problem
with a reflection coefficient of 1. It is normally referred to as a perfect
magnetic wall. The concept is such that pulses arriving at the boundary are
reflected back in phase and with equal magnitude. In a short-circuit
boundary, a reflection coefficient of -1 is simulated. The short-circuit
boundary can be inserted at the node or between nodes. In a matched

boundary, the pulse is reflected back by the reflection coefficient

F_Zs_Zl
CZ+ Z,

(2.133)
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where Z; is the surface impedance of the boundary and Z; is the

characteristic impedance of the mesh line.

For antenna and unbounded field problems, modelling of the free space
boundaries in an accurate way is very important in order to maintain result
accuracy while maximising the simulation time and memory storage [96]. In
these cases, Absorbing (or Artificial) Boundary Condition (ABC) [97]-[99]
or Perfectly Matched Layers (PML) [86], [100], [101] are employed. PML
is a non-physical absorber created adjacent to the outer boundary nodes,
with impedance that is non-related to the angle of incidence and the
frequency of the outgoing waves [102].

Conventionally, boundaries are implemented halfway between two nodes in
order to maintain the synchronism in the mesh [16], [103]. Therefore, the
pulse gets to the boundary at half time-step (2.5At) and returns to the node
at the end of the time-step. However, TLM has the ability to accommodate
various boundary conditions [104] and there has been several novel
approaches to boundary placements in TLM. A new approach to boundary
implementation was presented by Chen et al. [105], where the boundary was
placed across the nodes instead of halfway between them. This arrangement
iIs made in such a way that the boundary wall coincides with a row of nodes
thereby removing the need for the mesh parameter Al to be the integer
fraction of the structure dimension, a required condition when the boundary
is halfway between nodes. The new boundary procedure is purely numerical,
unlike the conventional method. It is performed at discrete node locations
along the boundary. German [106] presented infinitesimally adjustable
boundaries in symmetrical node TLM simulation. Muller [107] introduced
the technique of arbitrary boundary positioning in the TLM network using a
recursive algorithm which replaces the boundary reflection coefficient while
leaving the impulse scattering matrix intact. Porter and Dawson suggested

the use of asymmetric boundary to avoid distortion of the wave front due to
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discontinuity of the plane wave at the boundary [108] and James et al
proposed an absorbing boundary for plane wave where pulses are swapped

between opposite boundaries [109].

76



Introduction to Transmission Line Modelling Theory

2.5 CONCLUSIONS

TLM is a useful numerical tool in solving electromagnetic (EM) problems.
TLM simulations represent models of the electromagnetic wave propagating
through a network of discrete transmission lines connected at scattering
junctions. In this Chapter, the fundamentals of TLM scheme including a
brief history of TLM and an introduction to the analogies of TLM to
Maxwell’s equations in rectangular coordinate have been discussed. The
rigorous derivations of the rectangular TLM parameters and the
formulations of TLM algorithm for both 2D and 3D electric waves are also
presented. Common terminologies used in TLM are defined in this Chapter
and the concepts of stub application and boundaries application are also

discussed.

This Chapter will serve as the foundation on which other aspects of this
thesis are built. An electromagnetic solver (TLS), based on the discussed
TLM algorithm, was developed using MATLAB. To test the effectiveness
of the TLS, a set of canonical problems were solved by the code. The details
of these models and the simulated results are discussed in Chapter 3.

7



Validation of The rectangular TLM Method for Cuboid and Cylindrical
Microwave Cavities

CHAPTER 3

VALIDATION OF THE RECTANGULAR
TLM METHOD FOR CUBOID AND
CYLINDRICAL MICROWAVE CAVITIES

In this Chapter, rectangular meshes are used to validate the 3D TLM method
in the context of microwave cavities serving as benchmark for the model. A
brief introduction to microwave cavities is presented in this Section and
equations discussed in here for analytical calculation of the cavity resonant
frequencies will be useful as basis for comparison of simulated results in
Section 3.2.

3.1 MICROWAVE CAVITIES

Microwave cavities are waveguides (a form of transmission line) made out
of hollow metallic structures with a closed fixed cross-sectioned area within
which a guided wave propagates. An example of such a structure is shown
in Fig. 3.1. These cavities can be filled with materials of various permittivity,
€ and permeability, u properties depending on the required application. In a
microwave cavity, waves reflect back at the wall boundaries forming
standing waves. These standing waves form modes that are either transverse
magnetic (TM) or transverse electric (TE) in the cavity and each of these
modes have distinct operating frequencies, from which they begin to

propagate, commonly referred to as its cut-off frequency, f.. At this
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frequency, the mode characteristics of the cavities are determined by the

cross-section of the waveguide and the type of material in it.

A

Fig. 3.1: The rectangular cavity.

The cut-off frequency of rectangular microwave cavity is analytically
calculated as [110], [111]:

1 2 2 l
fmm = Z_JE\/(%) + (%) + <E> (3.1)

where a, b and d are the dimension of the cavity in the x, y and z direction
respectively; m, n, and [ represent the cavity mode signifying the number of
variations in the standing wave pattern in the x, y, and z direction; € = ¢,.¢,
is the absolute permittivity of the medium of propagation; u = u,-u, is the
absolute permeability of the medium of propagation; &, and u, are the
relative permittivity and relative permeability of the material content of the
cavity respectively; €, and u, are the permittivity and permeability of free

space.

For propagation in free space, ¢, = 1 and u,. = 1. Substituting &,, i, = 1 in

(3.1) reduced the equation to:
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=5 )2+ () 02

1

V€oHo

relative permittivity of free space; and y, is the relative permeability of free

where ¢ = is the velocity of propagation in free space; g, is the

space.

If the transmission line is assumed to be infinitely long, the length (d) is
assumed to tend to infinity (d — o) and so can be ignored in the calculation.
This assumption reduces the problem to a 2D form and (3.2) can be further
simplified to (3.3). The same assumption applies when variation in z-

direction is not required in a 3D structure.

@+ ) =

The resonant frequency of cylindrical cavity resonator is given as [110]:

=g ) + ()

where p is the absolute permittivity; ¢ is the absolute permeability; d is the
height of the cylindrical cavity resonator and the indices n, m, [ describe the
mode. m refers to the number of full-period variations of the field along the
circumferential direction, n is the number of half-period variations of the

field in the radial direction and [ is the number of half-period variations in
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z-direction and Pnm are roots of the Bessel functions given in Table 3.1
[110], [111]:

Table 3.1: Roots of the Bessel function

n Pn1 Pn2 Pn3

0 2.405 5.520 8.654
1 3.832 7.016 10.174
2 5.135 8.417 11.620

The fundamental equations discussed in Section 3.1 will be used to
analytically calculate the expected results for cavity simulations in Sections
3.2and 3.3.
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3.2 SIMULATION OF THE RECTANGULAR MICROWAVE CAVITY

RESONATOR USING RECTANGULAR TLM METHOD

In this Section, rectangular microwave cavities are simulated using the
developed TLS solver. The TLM methods employed are the shunt 2D TLM
node and the SCN TLM operated in 2D mode. The simulated resonant
cavity has an arbitrary cross-sectional area of 100 mm x 100 mm. The cut-
off frequencies for possible modes in this cavity are calculated using (3.3),
where a = 100 mm and b = 100 mm. The structure was meshed and excited
by an impulse of 1V applied at the centre of the mesh and the output was
taken as the vertical component of the electric field (Ez) at the point of
excitation. The Discrete Fourier Transform (DFT) was employed to convert

the obtained time-domain results to their frequency-domain forms [44].

Generally, the choice of the discrete length (Al) of the nodes in all direction
in the simulation space depends on the highest frequency of interest. It is
recommended that A > 10Al in order to minimise dispersion error [32].
Therefore, the dispersion cut-off frequency for the modelled square cavity is

calculated as:

Vtim
fctlm = A (3 5)

m

where vy, is the velocity of wave in TLM and A,, is the modelled

wavelength in meters.

The cavity is filled with air, which means v, = ¢ = 3 x 108 ms~1. At 10

nodes per wavelength, for a cavity of 100 mm:
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_3x10°

feum = =g = 3GHz (3.6)

The dispersion cut-off frequency is 3 GHz at this level of discretisation,
which means that any results beyond this frequency are prone to high
dispersion error. In order to accommodate more modes within the dispersion
cut-off limit of the modelled cavities, the mesh used for this simulation is 21

nodes per A. The dispersion cut-off frequency then becomes 6.25 GHz.

3.2.1 SIMULATION OF RECTANGULAR CAVITY USING 2D SHUNT TLM

NODE METHOD

The first model considered in this Section was simulated using the 2D shunt
TLM node. The cavity was represented by mesh of 441 nodes. Nodes at the
edges of the cavity were terminated by an electric wall (I' = —1) in all
dimensions. The mesh was excited by an impulse voltage of 1V at node
(11,11,1) and the electric field simulated was observed at the same node
where the mesh was excited. The simulation was done with 4096 time
steps/iterations. The normalised electric field simulated by TLS is as shown
in Fig. 3.2. The distribution of the TM110 mode in the simulated cavity at
2.121 GHz after 4096 iterations is shown in Fig. 3.3. The results are
normalised to the highest electric field magnitude in the simulation. A
similar cavity was simulated using the CST Microstripes solver, which uses
3D TLM method, for validation purposes. Results for both simulations are
compared in Table 3.2.
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Fig. 3.2: The normalised simulated resonant frequency for a
100 mm x 100 mm cavity modelled with a shunt 2D TLM after 4096

iterations.

Nodes

Nodes

Fig. 3.3: The normalised simulated electric field distribution of the TM110
mode for a 100 mm x 100 mm cavity modelled with 2D shunt TLM (2.121
GHz) after 4096 iterations.
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Table 3.2: Comparison of the analytically generated resonant frequencies to
the simulated using shunt 2D TLM and CST

Modes Analytical Simulated Results
Results (GH2) | gpunt 2D TLM CST (GHz)
(GHz)
TM110 2.120 2.121 2.120
TM220 4.243 Not excited Not excited
TM330 6.364 6.364 6.355
TM440 8.485 7.568 7.642

The normalised electric field simulated by the shunt node of the TLS
compared well with the analytical results and the mode distribution pattern
in the simulated cavity was also as expected from theory. The simulated
results using the TLS solver also agreed with the simulated results from the
CST. These results show that the TLS solver has been correctly
implemented and the level of accuracy obtained in the simulated result

shows the effectiveness of the solver in modelling the cavity.

However, it was observed that TM220 was not excited. A resonance
theoretically not expected occurred at 4.74 GHz as shown in Fig. 3.2. Since
the method and position of excitation affects the type of modes excited in a
cavity, the position or type of excitation used in this simulation could be
responsible for the absence of TM220 and the excitation of the other mode
at 4.74 GHz that was not initially predicted for the cavity simulated cavity
type. This occurrence of a mode at 4.74 GHz resonance was common to

both the shunt node and the CST simulations.
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Checking the effect of dispersion on the simulated results, it was observed
that results are not significantly affected by dispersion error up to the
calculated 6.25 GHz TLM dispersion cut-off frequency for the cavity at 21
nodes per A. As can be seen in Table 3.2 the results of both the TLS solver
and CST compared well with the analytical results up to 6.364 GHz, slightly
higher than the calculated dispersion cut-off frequency. The disparity in the
simulated results above 6.364 GHz in comparison to the analytical results
can therefore be accounted for by the numerical dispersion effect of TLM.
This effect can be clearly seen on the results of the TM440 mode of the
cavity, which falls in the frequency range higher than the 10 nodes/A limit.
Therefore, it is very important that any result beyond the dispersion cut-off
frequency be treated with caution because of the dispersion error.

3.2.2 SIMULATION OF RECTANGULAR CAVITY USING THE SYMMETRICAL
CONDENSED NODE (SCN) TLM

In the Section 3.1.1, a cavity of arbitrary dimension 100 mm x 100 mm was
simulated using the shunt 2D TLM nodes of the TLS solver and the
simulated results were compared with the analytical results and the results
obtained from CST. Here in this Section, the same cavity is modelled using
the SCN nodes of the TLS solver in order to compare the output of the two
simulated results produced by the two methods.

In the SCN model of the cavity, the z-axis cavity was modelled by one node
and electric boundary applied on the faces of the node since variation of the
electric field along the cylinder height (z-direction) is not required. Electric
boundaries were applied on other edges of the cavity as well. The cavity
was excited at node (11, 11, 1) of the 21 x 21 x 1 mesh with an impulse
voltage of 1V and the field was observed at the same node where the cavity

was excited. The simulated resonant frequency is shown in Fig. 3.4. All
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results are normalised to the highest electric field (E,) magnitude in the

simulations.
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Fig. 3.4: The normalised simulated resonant frequency for a
100 mm x 100 mm cavity modelled with SCN TLM.

Apart from the occurrence of a resonance at 4.74 GHz and suppression of
mode TM220, the agreement of all the simulated results within the
dispersion limit compared with the analytical expectations is accurate with
less than 0.1% error as shown in Table 3.3. As in the shunt model, the effect
of dispersion error is more significant in the resonant frequency of TM440
because its value is above the acceptable dispersion cut-off frequency of the
simulated cavity. The electric field distributions for the first three modes are

shown in Table 3.4.
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Table 3.3: Simulated resonant frequencies using the analytic, the shunt TLM,
SCN TLM and CST methods

Modes Analytical Results Simulated Results

(GHz) SCNTLM (GHz) | CST (GHz)
TM110 2.120 2121 2.120
TM 220 4.243 - -
TM 330 6.364 6.360 6.355
TM 440 8.485 7.649 7.642
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Table 3.4: Normalised simulated electric field distributions for a 100 mm x
100 mm cavity modelled with SCN TLM after 8192 iterations.

Nodes

|

Nodes

Mode 1 (TM110) at 2.12 GHz Mode 2 at 4.74 GHz

Nodes

|

Nodes

g8 10 12 14 16 18 20 22
Nodes

Mode 3 (TM330) at 6.36 GHz Mode 4 (TM440) at 7.649 GHz

3.2.3 COMPARING THE SHUNT 2D TLM AND THE SCN TLM

The shunt and the SCN TLM methods have been applied to the modelling of
cavity in Section 3.2.1 and 3.2.2 respectively. In this Section a short
comparison between the two methods is presented. Considering the

effectiveness of the two methods in simulating the rectangular microwave
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cavity with respect to the accuracy of the result, it was observed that the two
models produced similar results with acceptable levels of accuracy. The
small difference between the results for these two methods occurred outside
the dispersion cut-off frequency limit as shown in Fig. 3.5. The
implementation of 2D Shunt is simpler as fewer variables are required in the

simulation compared to the SCN as discussed in Chapter 2.

— — — SCN TLM Il
Shunt 2D TLM ||}
|

Normalised Eleciric Field (Ez)

0] 1 3 4 " I 8
Frequency (GHz)

Fig. 3.5: Comparison of the normalised simulated electric fields with

resonant frequency for a 100 mm x 100 mm cavity modelled with SCN

TLM and shunt TLM.

From Fig. 3.5, TM22 is observed to be suppressed by the two models but
another mode was excited at 4.74 GHz. A common node (11,11,1) was
chosen for the excitation of the two meshes and it could be deduced that
some of the expected modes were not excited or were suppressed, as is the
case with TM220, due to the position or type of excitation rather than the
particular method used. The excitation of another mode, that was not
initially planned for, as in the case at the 4.74 GHz frequency, was also

common to both methods.
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The choice between the two methods thus depends on the problem being
considered and the level of simplicity required. However, although the
resonant frequency of the cavity is determined by the radius of the cavity
and not by its length, a 2D model will only generate modes that have no
variations along the cavity height. This implies that in order to get all the
possible modes in the cavity, a 3D model is required, which makes the SCN
model a preferred option over the 2D shunt TLM. Moreover, characteristics
of propagation in two dimensions can be predicted in 3D SCN mesh while
only one direction can be achieved per iteration when working with a 2D
TLM model [112].

For the rest of this thesis, the focus in reference to the rectangular TLM will
be on the SCN method.
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3.3 SIMULATION OF THE CIRCULAR MICROWAVE CAVITY

RESONATOR USING A RECTANGULAR TLM METHOD

When modelling with rectangular TLM mesh, the surfaces of a curved
boundaries or boundaries that are not conforming to the mesh are normally
approximated to fit the mesh [41], [113]. The approximated boundaries have
a staircase effect at the edge and are referred to as staircase approximations.
According to Sewell et al. [7], the staircase approximation to curved
boundaries results in the misrepresentation of the area of geometry in
question and this poses several problems in the results of the model. For
example, staircase approximations in modelling of circular resonators
produce an irregular boundary creating spurious resonances and shifts of
resonant frequencies from the expected values. In this Section, a cylindrical
cavity is simulated using the rectangular TLM to verify this staircase error

and lay a foundation for the work done in the Sections that follow.

The resonant frequencies excited in a cavity depend on the dimensions and
the material contained in the cavity. In this example, the radius, r of the
simulated circular cavity was 50 mm and the height was 100 mm as shown

in Fig. 3.6. The cavity content was air, that is e, = 1 and p,.= 1.

R
N

100 mm

T
NS

+—50 mm—-»

Fig. 3.6: The simulated air-filled cavity.
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Since the simulated cavity is cylindrical in shape, the principle of cylindrical
cavity resonator was used in calculating the resonant frequency. The
resonant frequency was calculated using equation (3.4). In the TLS solver,
the cross section of the cavity was mapped onto 21x21x1 nodes and a short
circuit boundary was inserted at the nodes nearest to the perimeter of the
cylinder. The variation in the z-direction was not considered, therefore, the
simulation is conducted as a 2D model on the x-y plane only. The
normalised electric field generated for the cavity after 4096 time steps are
shown in Fig. 3.7. Fig. 3.8 shows the field distribution simulated for mode

TM110 of the cavity at the 2.21 GHz resonant frequency.

0.9

0.8

0.7

0.6

0.5

0.4

Normalised Electric Field (Ez)

Frequency (GHz)

Fig. 3.7: The normalised simulated resonant frequency for a 50 mm radius

circular cavity modelled with 21x21x1 nodes after 4096 iterations.
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Nodes

Nodes

Fig. 3.8: The normalised simulated TM010 mode for a 50 mm radius
circular cavity modelled with 21x21x1 SCN nodes at 2.21 GHz after 4096

iterations.

The simulated resonant frequencies are compared with the analytically

generated results in Table 3.5 and it is accurate to an approximately 3%

error. There is a shift in the simulated resonant frequencies, which makes it
lower for TM010 and higher for TMO030 compared to the analytical
expectations and this makes it difficult to associate the resonance to

theoretically expected corresponding mode for the modelled cavity.

Table 3.5: The modes in the simulated circular cavity using rectangular

TLM are:
Modes Analytical Results (GHz) | Simulated Results (GHz)
TMO010 2.295 2.209
TMO030 4.900 5.050

94



Validation of The rectangular TLM Method for Cuboid and Cylindrical
Microwave Cavities

Another problem with the staircase approximation is the possibility of
spurious modes occurring. The two simulated resonances were placed
beside their closest possible analytical value in Table 3.5 but any of the two
simulated frequencies may well be mere spurious modes as a result of
irregularities in the boundary placement. Spurious modes do occur in the
TLM model as in most numerical methods [114] but they occur at high
frequencies that are well beyond the cut-off frequency of the TLM mesh
(Al = A/10). The problem with spurious modes, however, is that they
propagate with intense dispersion as a result of their high resonant
frequencies and sometimes they have relatively high magnitudes and
propagate without attenuation through the cavity. They are generated by
physical or temporal discontinuities in the modelled structure/system [115].
The way around these spurious modes is to either avoid spatial
discontinuities or to process the excitation signal using a low-pass or band
limiting filter [116]. Since the spatial discontinuity cannot be avoided in the
staircase approximated boundary, spurious mode can be reduced by

applying a finer mesh [13].

The effect of the mesh’s grading on the simulated results obtained for the
modelled cavity was examined by comparing the simulated results for
different mesh grades. Regrading the mesh affected At and consequently the
number of iterations had to be modified accordingly in order to compare the
variations in the mesh accurately. The requirement for greater time for
pulses in the finer mesh to attain steady state was taken into account. The
time required for each mesh size to attain steady state was calculated
separately. The discrete time step and the number of iterations for the first
simulation were set as At; and N, respectively. Number of time steps
required for subsequent mesh operations, N; was then obtained using (3.5)
[72].
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N; =
LAt

(3.7)

where At; is the discrete time step for the new meshandi=1,2,3...n.nis

the last mesh considered, which in this case is 5.

The simulated resonant frequencies for different mesh sizes and the
calculated number of iterations used for each simulation are as shown in
Table 3.6. The mode distributions for 3 different mesh sizes are shown in
Table 3.7.

Table 3.6: Comparison of the results for different discretization mesh sizes

i Number of nodes Number of iterations, N; | Frequency (GHz)

1| 121 (11 x 11 nodes) 4096 2.151

2 | 225(15 X 15 nodes) 5586 2.190

3 | 441 (21 x 21 nodes) 7820 2.205

4 | 1225 (35 x 35 nodes) 11543 2.234

5 | 2601 (51 x 51 nodes) 18991 2.247
Analytic = 2.295 GHz

In this example, a finer mesh has been applied to every part of the modelled
structure to achieve better results. The results show that the finer the mesh,
the closer the results to the analytical expectations. With finer mesh, the
staircase approximation edge improved in its adjustment to the curved
boundary of the circular cavity and the field distribution becomes smoother
around the approximated edge of the cavity. The progressive improvement

in the accuracy of the simulated result, compared to the analytical result,
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with increasing mesh size is shown in Fig. 3.9. This accuracy, however,

comes at the expense of storage space and simulation time.

350 T T T T T T

300

250

2001

Mesh

150

100

50 -

215 217 Z.I‘IQ Z.IZ‘I 2.I23 Z.IZS 227 229
Frequency (GHz)
Fig. 3.9: Effect of using finer rectangular mesh for cylindrical cavity

simulation with N mesh indicating N x N nodes.

Conventionally, geometrical conformity is catered for by the use of graded
mesh, such that a finer mesh is used around the curved walls of the
structure/object in comparison with the non-curved parts of the object being
modelled [70]. Graded mesh uses less storage space. Another approach well
known is the mesh adaptation method where a mesh that can fit the
boundary more accurately, such as triangular and tetrahedral meshes, are
applied around the curved walls [14], [15]. Al Mukhtar and Sitch [16] were
the first to develop the polar meshes for a lossless TLM model with axial
symmetry, which paved the way for further research into curvilinear mesh
development [16]-[19], [71]. The use of curvilinear meshes such as
cylindrical TLM in which curved meshes are used instead of a linear mesh
allow for closer conformity of the mesh structure to the original modelled
object. The procedure used in developing the cylindrical TLM part of the
TLS and results of simulation examples are presented in Chapter 4.
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Table 3.7: The normalised simulated TMO010 mode for a 50 mm radius
circular cavity modelled using SCN TLM

Modes [Frequency GHz) | Electric field distribution in the simulated cavity
11x11
2.15
Nodes :
21x21 u u
2.21
Nodes ] N
51x51 )
2.25
Nodes

The analytical frequency = 2.29 GHz
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3.4 CONCLUSIONS

This Chapter is focused on the simulations of canonical problems with
known theoretical solutions with the intention to validate the rectangular
part of the solver developed for this thesis based on the TLM algorithm. The
theoretical background of the rectangular TLM mesh and the algorithm
procedures used in developing the TLS were discussed in Chapter 2. The
report of electromagnetic simulation of some canonical problems using 2D
and 3D was presented. The presented results proved that the solver is
capable of simulating practical EM problems. The simulation results
generated by the TLS for 2D and the 3D TLM are compared to that of the
analytical results for validation purpose. The simulated results of the TLS
were also compared with the simulated results of an existing modelling tool,
CST, for the validation of the newly developed solver.

The effect of stair-cased approximation on curved boundaries when
modelling with rectangular TLM mesh is highlighted. It was observed that
the results obtained when the rectangular mesh was applied to model the
circular cavity are less accurate compared to the analytical results. The
application of finer mesh improved the results but the error was still present
and the improvement in the accuracy of the obtained results was achieved
by sacrificing time and computation resources. Since accuracy is very
essential when it comes to modelling of axisymmetric radiating structures,
the use of cylindrical TLM mesh in the place of rectangular mesh is

investigated in Chapter 4.
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CHAPTER 4

DEVELOPMENT OF CYLINDRICAL
TRANSMISSION LINE SOLVER

In Chapter 2, an electromagnetic (EM) solver (TLS) was developed based
on the TLM method. The solver includes both the rectangular and the
cylindrical mesh. The theoretical background of rectangular TLM and its
algorithm have been discussed in Chapter 2. The simulation results for
cuboid and cylindrical microwave cavities modelled using TLS’ rectangular
TLM mesh were also presented. The aim of this Chapter is to create a bridge
in the gap between the theoretical foundations of cylindrical TLM and its
applications. The focus is to theoretically establish the cylindrical TLM
node scheme by presenting its analogies to Maxwell’s equations and
explaining its implementation algorithm. Simulation results of modelled
examples will also be presented to evaluate the effectiveness of the
cylindrical TLM mesh EM problems with curved edges and to validate the

accurate implementation of the mesh in TLS.

When modelling with a rectangular TLM, curved boundaries are
approximated to fit the object and this approximation results in a staircase
finish along the curved edges as discussed in Chapter 3. Results of the
circular cavity simulated using the rectangular mesh showed a high level of
error when compared with the analytic solutions. Curvilinear mesh methods
[16]-[19], [71], such as cylindrical TLM, have curved link lines that can be

fitted better with curved surfaces.
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However, there have been underlying challenges in implementing the
cylindrical TLM, making it less popular than its rectangular counterpart
despite its better efficiency in dealing with curved boundaries. The foremost
of these challenges is that there are very few publications on the use of the
cylindrical TLM mesh and rigorous analysis of the fundamental relationship
of the cylindrical TLM model to Maxwell’s equations is not available in the
literature. This Chapter aims to bridge this gap by presenting a rigorous
analysis of the relationship between the cylindrical TLM and Maxwell’s

equations.

4.1 THEORY OF CYLINDRICAL TLM MESH

In this Section, the theory of cylindrical TLM will be presented. Maxwell’s
equations in cylindrical form, their analogies to the cylindrical TLM nodes
parameters and how synchronism is achieved in cylindrical TLM will be

described.
411 MAXWELL’S EQUATIONS IN CYLINDRICAL FORM

The relationship of Maxwell’s equations to the cylindrical TLM model is
similar to that of rectangular TLM except for the difference in geometry.
Maxwell’s equations have already been given in Section 2.3.1 of Chapter 2.
As with rectangular coordinates, Maxwell’s equations can be expressed in
cylindrical coordinates. To achieve this, the components x, y, z have to be
replaced by r, 8, z. For example, a point in the cylindrical coordinate can be
expressed as in Fig. 4.1. Components 1,6, z are the radial, circumferential

and axial components of the cylindrical coordinate system respectively.
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Fig. 4.1: Cylindrical coordinates.

In cylindrical coordinates, Maxwell’s curl equations (2.1) can be expressed
asin(4.1) - (4.3),(2.2) as (4.4) - (4.6), (2.3) as (4.7) and (2.4) as (4.8).

0H, 0H, aD,
_%e _,  90r 4.1
o0 0z Ut o (4.1)

0H, 0H, dD,

_ _ 9% 4.2

92 or et g (42)

dH, 0H, aD,

9 O9r _ 97z 4.3
ar 10 7T & (43)
0E, 0E, _ 0B (4.4
rdd 0z ot '
0E, 0E, 0By (45)

0z or ot '
dEy OE, 0B, (46)

or rdf ot
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dE, 0E, OE,

= 4.7
or + rof + 0z p (47
0H, 0Hy O0H, _ 4.8)

or + roo + 0z

As in the rectangular node, the cylindrical node is broken into series and
shunt parts for clarity. In the series part, the electric fields, E;, Ey and the
magnetic field, H, are the non-zero fields and Maxwell’s equations in

cylindrical form reduce to (4.9) — (4.11) using D =¢E

oH,  OE,

_ 49
790 ot (49)
0H, JE,
_OH, Ok 4.10
ar ot (4.10)
0E, 0E,  OH, @1

or 100 Mot

Subtracting the differential (4.9) with respect to 6 and that of (4.10) with
respect to r gives (4.12). Inserting (4.11) into (4.12) results in the wave

equation as given in (4.13)

2 2 _
0°H, +6 sz _gi( J0E, 6&) (4.12)
r2002  0r? Jat\ rdo or

0%H, 0°H, 0%H, (4.13)

72902 T g2 T Mg
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In the shunt part, magnetic fields H;, Hy and the electric field, E, are the
non-zero fields and Maxwell’s equations in cylindrical form reduce to (4.14)

- (4.16)

JE, oH,

_ 414

00~ Mot (4.14)

_9E, _ _ %M, (4.15)
or ot '

0H, 0H, OE, @16

or 100 "ot

Following the same procedure as in the series part, by differentiating (4.14)
with respect to 6 and (4.15) with respect to r and combining the results

gives

0%E, 0°E, 0*Hy 0°H,
—+ =— + (4.17)
ar?  r2002 dtor ~ rotdb
Inserting equation (4.16) into (4.17) gives another wave equation:
2 2 2
J0°E, 0°E,  0°E, (4.18)

arz T rzagz =~ M g2

The two wave equations, (4.13) and (4.18), describe the behaviour of an EM

wave in a lossy medium.
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4.1.2 ANALOGIES OF MAXWELL’S EQUATIONS TO CYLINDRICAL TLM

To understand the analogy between the E and H fields and the electric
circuit parameters modelled by the TLM, a section of a long transmission
line is considered as shown in .4.2. As the discrete length, dl — 0, the
infinitesimal sign 0 is replaced by A, which is a finite value for numerical
solution and the voltage and current of the circuit can be deduced using

Kirchhoff’s laws as:

dvAl_ di
dr—  Tdt
(4.19)
dLAl_Cdv_I_V
dr dt R
i L
——— 0000 —e—o—
O A — §R

Fig. 4.2: Electrical components of a transmission line.

If the same steps followed in obtaining (4.13) and (4.18) are repeated,
similar equations in circuit form are obtained in terms of current and voltage.
By comparing the circuit equations obtained from the Kirchhoff’s laws for a
discrete transmission line with the wave equations, an analogy between the

two can be deduced.

As mentioned in Chapter 2, the basic building block for the TLM algorithm

is the 2D model in shunt and the series configurations. To simplify the
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analysis, the 3D cylindrical TLM node can be broken into series and shunt

2D nodes. In a series model, two transmission lines are connected in such a

way that the current flows through two inductors, 2L and across one

capacitor, C. The current equations for the inductors and across the

capacitor are given by:

AE, AEg 0l

rod or &
oI _ . OV
or "ot

(4.20)

(4.21)

The resistor R is not considered in this equation because it is normally

modelled as a lossy stub in the TLM node (see details in Chapter 2, Section

2.2.3).

Assuming the current is flowing in the z-direction, the amount of current, I,

that flows in the finite space step, Az, gives the magnetic field, H:

H,=1,/Az
Substituting for I in (4.20) gives

AE, AEy _ 0H,
rdd or ot

(4.22)

(4.23)

The inductance per unit length along z can be deduced by comparing (4.23)

with (4.11) as:
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L =pAz (4.24)

Substituting H, for I in (4.21) also gives

0H,  OE,

or 0ot

(4.25)

and by comparing equation (4.25) with (4.10), the capacitance per unit

length along z can be deduced as:

C =¢elz (4.26)

All the parameters of the medium can be obtained by comparing similar
pairs of circuit related equations and wave-related equations as shown
below. It is possible to establish a mapping between the components of the
magnetic field, H and nodal current, I; components of electric field, E and
electric potential, V; permeability, 4 and inductance, L and permittivity,

€ and capacitance, C.

oH, OE. 0l, av,
J— = —_—— —_— 4.27
90 ot T Yo (4:27)
oH, O0E, 4l WV,
_ 9k 0, 9V 4.28
ar e T o Yy (4.28)
0E, OE, oH, aV, oV ol,

9k 0L _ _on 9% 4.29
ar a6~ *ar O ar rae - M ar (4.29)
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The circuit equivalent equations for electric fields E, and E, are also given

as

Ve Vo
- __Tr. =7 4.30
ET ATJEQ TAH ( )

Similarly in the shunt TLM node, the current flows across two capacitors

and through one inductor and obtain

0E, 0H, v, a1,
— _ “ Ay = T 4.31
790~ Mo a0 T gy (4.31)
B J0E, _ JHy o % _ —Le% (4.32)

ar Jt ar Jt

0Hy OH, 0E, o, 0ly 0E,
- — = 4.33
ar a6 ‘a T ree T ar - o (4.33)
The circuit equivalent for fields components at the shunt node are
V2 L Ig

— _ = .y =_29 4.34
Er=mnsite =ag = 4, (4.34)

It is worthy of note that equations (4.11) and (4.18) are similar to the
VXE = _“Z_I: andVx H = sZ—f in rectangular coordinates except for the

geometry related parameter 1/r in the cylindrical coordinate system. This
additional parameter results from the variation in discrete length along the

theta dimension outwardly from the centre of the cylinder.
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4.1.3 SYNCHRONISM IN CYLINDRICAL TLM NODE

The increase in length on the theta dimension of the cylindrical node
described by the additional geometric parameter 1/r means that there
would be lack of synchronism in the scatter-connect procedure of the node
since pulses along the theta dimension has a longer distance to travel before
connection at any time At. In order to ensure synchronism of pulses between
nodes in the cylindrical TLM mesh, the parameter 1/r has to be included in
the TLM formulations. This is achieved by introducing extra inductance and
capacitance in the form of closed and open stubs respectively into the node.
For a 3D cylindrical node, there are parameter variations in r,6 and z
directions and the total capacitance, C of the node given in (4.26) can be

expressed as:
Cr

where C,. , Cy and C, are the capacitance value for the three dimensionr, 8,
and z. The total capacitance modelled by a cylindrical node in a particular
direction, for example, is represented by the distributed capacitance of the
transmission lines and stub polarised in that direction and it is obtained as
[16] :

C, = & Al + C,p = C,y Az + Co, AT + C,,

Cg = EgAlg + Cog = CrgA‘I” + CZQAZ + Cog (436)

C, = &,Al, + Co, = CpyAr + Co, AT + C,,
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where AL, = 2T22 Al = Aﬁz and Al, = AZAT : subscript ‘o’signifies open

Ar z '’

circuit stub and AT = hA6 and h = node index number from the cylinder

centre.

In the same manner, the total inductance of the node, L given in (4.24) can

be expressed as:

Ly
- [Lel (4.37)
L,

where L, , Lg and L, are the inductance value for the three dimension r, 6,
and z obtained from [16]:

L, = pAl, + Ly, = Lo, AT + LAz + L,
Lg = ,UgAlg + L59 = LrZAT' + LZ,-AZ + L59 (438)

L, = u,Al, + Ly, = LygAr + Lo, Ay + Ly,

where subscript ‘s’ signifies short circuit stub.

For proper modelling of any cylindrical TLM node, (4.35) and (4.38) are
essential. The velocity of propagation along i-directed, j-polarised link line,
for a cylindrical node is given as

vy =— (4.39)

where i # j and
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The characteristic impedance of an i-directed, j-polarised link line is given

as:

1
= — (4.41)
v Yy

The relationship between At and Y;; and Z;; can be obtained by combining

(4.39) and (4.41) to give (4.42).

’Li]-Ai /CUAL'
Z; = 2 Y, = v (4.42)

The characteristic admittance of a capacitive stub, Y,, and the characteristic

impedance of an inductive stub, Z, are given in (4.43)

2C,q 2Ly,
o1 ="p¢ P =5 449

><

where subscript ‘o’and ‘s’signify open circuit stub and short circuit stubs
respectively and “‘q’ represent the coordinate axis. C is the stub capacitance

and L, the stub inductance.

The description of the physical property of the medium is achieved by the
combination of its parameters - the capacitance in (4.36) the inductance in
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(4.38) and the conditions for time synchronism (4.39). The combination of

the 3 parameters produced:

Ai(hA))

4.44
AkAt (4.44)

Zij+ Zj + Zg /2 = Wy

where i,j,k = r,6,z and h = index number of the node counting from the

centre of the cylinder indicating the node location.
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4.2 IMPLEMENTATION OF THE CYLINDRICAL TLM ALGORITHM

Having established the theory of cylindrical TLM mesh in the previous
Section, the next to be considered in this Section is the implementation of its
algorithm. The scatter-connect procedure in the cylindrical TLM is the same
as in the SCN TLM discussed in Chapter 2 except that in cylindrical TLM,
the discretized spatial lengths are not equal on all direction because there is
a gradual increase in the discretized length along the circumference of the
cylinder as shown in Fig. 4.3. To accommodate the requirements for
synchronism and connectivity in a variable mesh such as cylindrical TLM, it
is necessary to add stubs to the node [81]. The geometry of the cylinder is
included in the calculation of stubs’ values to cater for the changes in the

angular discrete length outwardly from the centre.

m

Fig. 4.3: An example of a cylindrical TLM mesh in 70 view.

A typical cylindrical node is as shown in Fig. 4.4. The nomenclature of the
link lines follows the same format as that of the cubic mesh. The first letter
in the subscript group represents the direction of the propagation, the second
represents the position of the voltage pulse relative to the centre of the node
(positive (p) or negative (n) side of the coordinate axis) and the third letter

indicates the polarisation of the voltage pulse. This means the port
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voltageV., 5, for example, represents an r-directed voltage pulse, located on
the negative side of the node-centre and polarised in the 6-direction. The
superscript letter, i, in this case, indicates that the voltage is incident at the
port. If it was a reflected voltage, it is represented by a superscript letter, r,
instead.

/’." e Wi
Vipe
. T
» T : i
I'-, Vonr '\_;r‘}pz.._
Vonz A
Ar III", zpt
\ Vzpr
g )
Vinz B,
\ —— "%
- AT I &

Fig. 4.4: A cylindrical TLM node after Ruddle et al [2].

The scattering procedure using indices i, j, k can be written in a compact
form as [32]:

where the lower signs apply for indices

(i,j,k) € {(r,0,2),(0,z,1),(z1,66)} and the upper signs apply for indices
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(i,j,k) €{(r,2,0),(0,1,2),(2,0,1)}, V; is the equivalent voltage in the j-

direction and it is calculated as:

2(V’“UY’“U + ViepYipj + Vi Yinj + VipYipj + Yo,Vs;)
Yinj + Yipj + Yinj + Yipj + Y5 + G;

(4.47)

\ﬁ

where Y, ; is the normalised admittance of the stub and G; is the conductance

stub associated with electric losses in j-direction.

I, is the equivalent current given as:

( ik — Vinke T Vinke = Vipre — Vo) (4.48)
Link + Zipk + Zjnk + ijk +Zg + Ry

Ik=

where Z;, is the normalised impedance of the stub in j-direction and R, is

the resistance stub associated with magnetic losses in j-direction.

Factor h;; is given as:

Zm} Zipj j
- Vi 4,49
Zm] + le] ( inj lp]) ( )

In the solver developed for this thesis, the link impedances and admittances
are normalised to the impedance and admittance of free space respectively.

Thus, the total current at each of the nodes are calculated as:

(Vepz + zn0 zipG - Veinz + VSlr) (4 50)
4+ Z, +R,

I =
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_ 2(Vrinz + Vzlpr - Vzlnr - Vrlpz + Vsit)
44+ Z, + Ry

Iy

I = Z(Veinr + VripG - VGL;pr —V; + Vslz)

rné
z

4+Z;, + R,

and the total equivalent voltages at the nodes can be calculated as:

vy Vanr + Vopr + Vir + Vi + Yo Vi
" 4+ Y, + Gy

Vo =2 rlnH + VrlpG + Vzlne + Vzlpe + YoeVée (4 51)
0 44 Y0+ Gy

Vi + Vs + Ving + Vips + Yo Vi,
4+Y,,+ G,

V,=2

The electric field and the magnetic field components are calculated as:

V Vo V2
By =B =xpiEz =7
(4.52)
I, I L
e =gpifle = ar it =3,
and the admittance and impedance stubs are calculated as:
Y, = (2e,ATAz/Ar cAt) — 4; Z, = (2u,.ATAz/ArcAt) — 4
Yoo = (2e,ArAz/ATcAt) — 4;  Zy,g = (2u,ArAz/AT cAt) — 4 (4.53)

Y,, = (2e,ATAr /Az cAt) — 4; Zs, = (2u,ATAr /AzcAt) — 4
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where Ar, AT, and Az are the unit cell dimension (discretized length) along
the radial, angular and z-dimension respectively. ¢ the wave velocity in
vacuum and ¢, and u, are the relative permittivity and permeability of the
medium respectively. Assuming the model background is vacuum, the stubs
are normalised to the impedance of free space, Z, = 377Q. The value of AT
depends on the azimuthal angle and the distance of the node from the centre

of the cylinder. It is calculated as:

AT = 1,78 (4.54)

where A6 is the azimuthal discrete angle and r, is the node distance from

the origin in meter given as:

1, = (0.5(iAr + (i + 1)Ar) (4.55)

where i is the radial index.

G,, Gy, G, R, Ry and R, are additional six stubs added to the node to take
into account possible losses in modelling of inhomogenous, anisotropic
media and are given by (4.56). Energy scattered into any of these stubs is
absorbed and not reflected back into the node because the stubs are assumed
to be infinitely long or terminated in their own characteristic impedance.

The loss stubs are calculated as:
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G, = Zyo ,ATAz/Ar; R, = 0,ATAz/Z,Ar
Gy = Zyo , ArAz/AT; Ry = 0,ArAz/Z AT (4.56)
G, = Z,0,ATAr /Az; R, = o ATAY /ZyAz

The voltages scattered into the link lines are connected to adjacent nodes
using [117]:

Vi (rt,z) = Vi, (r+1,t,2); Vi,(r+1,t,2) =V, (rtz)

Veipz(r, t,z) =V, (rt+1,2); Vi (rt+1,z) = Vapz(1:t,2)

ripe (rt,z) =Vhe(r+1,t2); Vi (r+1,tz) = Vipe(1,t,2)
(4.57)

Veipr(r, t,z) =Vi, (rt+1,2); Vi (rt+1,2) = Vopr(r,t,2)

Vzipe (rtz)=V,o(rtz+1); Vzine (rt,z+1) =V,,0(rt z)

Vior (1, 8,2) = Vi (r t, 2 + 1); Vi (rt,z + 1) =V (1,8, 2)
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4.3 |IMPLEMENTATION OF CENTRE BOUNDARY IN CYLINDRICAL
TLM METHOD

When solving electromagnetic problem in cylindrical coordinates using
TLM, modelling of the space on the centre axis has been known to pose a
challenge. The challenge is that the type of boundary used for the cylinder
centre termination could affect simulation results. It is important to give
special attention to the accurate modelling of this centre point in order to
avoid error in the simulations [118] .

Modelling the centre of the cylindrical cavity using cylindrical TLM mesh
can be achieved in two ways. The first approach is to place a magnetic
boundary at the centre of the cylinder and the second is to terminate the
centre of the cylinder with an electric wall, equivalent to placing a thin wire
at the centre of the cylinder. Using an electric wall termination is based on
the fact that there is no cross talk between nodes in TLM mesh and there is
no communication across the centre of the cylinder from one side of the
symmetry to the other. Thus, it is expected that the voltage at the centre of
the cylinder should be equal to zero i.e. Vi,.—y = 0. This is possible in the
EM wave simulation when the centre boundary is described as a coaxial
system with an infinitely thin central conductor atr = 0. This means the
centre is described with a reflection coefficient, I' = —1. This method
works well with a coaxial cavity model. However, in the case of an air-filled
cavity, the centre of the cylinder is assumed to have zero voltage. This
means that the impedance is assumed to be infinite and I' =1 [11].
Therefore, to model the centre of the air-filled cavity correctly, it is better to
treat the centre boundary as a magnetic wall. The choice between the two

methods depends on the type of model being considered.
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4.4 VALIDATION OF THE DEVELOPED CYLINDRICAL TLM

SOLVER

In Section 3.3, it was noted that the staircase approximation of the curved
boundary affected the accuracy of the resonant frequency of the simulated
electric field when rectangular mesh was applied to the model. In this
Section, the cylindrical TLM mesh is applied to the modelling of circular
cavity to verify the efficiency of the cylindrical mesh in modelling the
circular cavity compared to the rectangular mesh. The resonant frequency of
cylindrical cavity was analytically calculated using equation (3.4) discussed
in Section 3.1 of Chapter 3.

441 SIMULATION OF AIR-FILLED CYLINDRICAL CAVITY MODEL AND

SIMULATED RESULTS

The same cavity modelled in Section 3.3 of Chapter 3 (Fig. 3.7) is repeated
here in this Section. The decision to use the same example was based on the
need to facilitate easy comparison of results obtained from the rectangular
model to the results of the cylindrical model. The simulated cavity has a
radius of 50 mm and height of 100 mm. The cavity was represented by a
mesh of (10 x 60 x 10) nodes for a dispersion frequency limit of 6 GHz.
However, since the variation in z-direction is not being considered, a 2D
slice on the z-axis is sufficient for the required model, meaning that only

(10x60x1) nodes are required for the model.

The structure was excited by an impulse voltage of 1V applied at node (6, 1,
1) in the mesh and the output was taken at the same node as the vertical
component of the electric field (E,). The centre of the cavity was modelled
as a magnetic wall and simulations was done with 16382 time steps. The
resonant frequencies for the simulated cavity are shown in Fig. 4.5. The
simulated resonant frequencies are compared with the analytically generated
results in Table 4.1 and are found to have good agreement. The simulated
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modes TM 010 and TM 020 as shown in Fig. 4.6 and Fig. 4.7 also

correspond to the simulated resonant frequencies as theoretically expected.
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Fig. 4.5: The simulated frequency response for the air-filled cavity.

Table 4.1: The simulated and analytical resonant frequencies for the empty

cylindrical cavity

Modes Analytical (GHz) Simulated (GHz)
TM 010 2.295 2.297
TM 020 3.657 3.666
TM 030 4.901 4.929
TM 110 5.268 5.278
TM 120 6.6948 6.876
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Fig. 4.6: The simulated mode (TM 010) for a circular cavity of 50 mm

radius at 2.297 GHz with magnetic wall centre termination after 16384
iterations.
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Fig. 4.7: The simulated mode (TM 110) for a circular cavity of 50 mm

radius at 3.666 GHz with magnetic wall centre termination after 16384
iterations.
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Considering the correlation of the cylindrical mesh to the modelled cavity
shape, the mesh mapped accurately with the cavity structure and the mode
distribution was spread smoothly through the mesh. This is an improvement
over the uneven distribution of the field experienced with the use of the

rectangular mesh as a result of staircase approximations.

These results not only shows that the cylindrical TLM mesh is in principle
better suited to the modelling of curved boundaries than the rectangular
mesh, they also demonstrate that the developed solver TLS has been
correctly implemented and can be confidently applied to the modelling of
the radiating structure, which is the aim of this research. Unlike the
rectangular mesh, the symmetry about the centre axis of the cylindrical
mesh can be employed in such a way that only one layer of nodes in the
theta dimension is applied to simulate the cavity. This will result in a
substantial saving in time and memory required for the simulation

procedures.

To further validate the cylindrical TLM solver TLS, a coaxial cavity was
simulated in Section 4.4.2 and the result compared to the same model
simulated in CST. A dielectric loaded cavity was also simulated and results

compared to the published results in Section 4.4.3.

4.4.2 SIMULATION OF COAXIAL CAVITY MODEL AND SIMULATED

RESULTS

A coaxial cavity of 50 mm outer radius and an inner thin wire of radius 2
mm were simulated. The centre wire running from the top to the bottom of
the cavity was position at the centre of the cavity as shown in Fig. 4.8. Only
a slice on the z-axis, taken as the length along the height of the cavity, was
considered meaning there are only mode variation in the r and 8 dimensions
and not in the z dimension. The cavity was meshed with r X 8 X z = 25 X

63 X 1 nodes such that the smallest cell coincided with the radius of the
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inner wire. The dispersion frequency limit for this mesh was approximately
6.14 GHz.

/

100 mm

\

e—50 mm—y

Fig. 4.8: The simulated coaxial cavity with an inner wire of 2 mm at the
centre.Two methods were attempted for the modelling of the inner wire. In
the first attempt, the node representing the wire was modelled as a short
node represented with a reflection coefficient I' = —1 and the second
attempt was just to model the wire as copper with electric conductivity =
5.8 x 107 Sm™'. The centre and the outer walls of the cavity were
modelled as an electric wall. The cavity was excited with 1V impulse

voltage at (12,1,1) and the electric field observed at the same node.

As shown in Table 4.2, TLS produced the same simulation results for both
models and the simulated results of the CST was only shifted by 0.01 GHz
when the wire was modelled with copper compared to when it was modelled
as a short circuited node. It can then be deduced from the results that the
two methods produced the same results and the choice of one over the other

depends on the need or choice of individual.
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Table 4.2: The simulated resonant frequencies for the coaxial cavity with
inner conductor simulated as short circuit nodes compared with the one

simulated as copper material

TLS (GHz) CST (GHz)

Copper Short circuit Copper Short circuit
2.88 2.88 2.89 2.88
3.68 3.68 3.65 3.64
491 491 4.86 4.85

The mode distributions for the first three modes simulated with TLS are

compared with the mode simulated with CST in Table 4.3.

The simulated resonant frequencies for the coaxial cavity are higher than the
simulated frequencies in the modelled air-filled cavity but the mode
distribution is similar except for the effect of the inner wire can be seen at
the centre of the mesh. Although the field’s distribution obtained in the
cavity modelled with the hexahedral mesh was observed to be better than
the distribution obtained with the use of rectangular mesh where staircase
effect could be vividly seen; the distributions were still not as smooth as the
ones obtained from the cylindrical mesh. This further confirms that the
boundary is well mapped into the mesh of the cylindrical TLM compared to
its parallelepiped counterpart. The stability of TLS in the presence of the
wire also confirmed that the stubs were well implemented in the developed
solver giving a better confidence of its suitability for the modelling of

axisymmetric radiating structures.
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Table 4.3: The simulated results generated from the TLS code compared

with the CST simulation for a coaxial cavity

Cylindrical TLM Simulation

CST simulation

2.88 GHz 2.88 GHz
3.68 GHz 3.64 GHz
4.91 GHz 4.85 GHz

\/
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4.4.3 SIMULATION OF DIELECTRIC LOADED CYLINDRICAL CAVITY AND

SIMULATED RESULTS

In this Section, the effects of loading a microwave cylindrical cavity with
radial dielectric rod using the cylindrical TLM modelling method are
discussed. The dielectric-loaded cylindrical cavity problem presented in
[120] was simulated using the developed cylindrical TLM solver, TLS. The

simulated results are compared with the published results.

Perturbation method [121], [122] where dielectric/metallic rod is inserted
into the cavity is the most common practice to alter the resonant frequency
of the cavity. With this method, the resonant frequency of the cavity can be
controlled by the material properties of the inserted rod or by adjusting its
level of penetration into the cavity [123]. Dielectric loaded cavities are a
special type of resonator and have found applications in microwave filters
for satellite and mobile communication as a result of their small size, low
loss and temperature stability [124], [125]. These applications have attracted
further research and there is a significant number of publications reporting
the numerical calculation of resonant frequencies of canonical metallic

cavities loaded with dielectric resonators [126]-[132].

The radius of the cavity described by Chan and Reader is 40 mm and the
height is 75 mm [120]. The schematic diagram of the simulated cavity is as
shown in Fig. 4.9. The analytical resonant frequency for the dominant mode
(TM 010) of the cylindrical cavity, before dielectric loading, is 2.871 GHz.
The cavity was excited such that only the TM modes were generated and the
simulated frequency for TM 010 using the cylindrical TLM solver is 2.874
GHz as shown in Fig. 4.10. Having confirmed the result of the solver for the
unloaded cavity is satisfactory, the first mode of the cavity is set as the point

of reference for all other results.
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Fig. 4.9: Simulated dielectric loaded cylindrical cavity.

Normalised Electric field, Ez

Zioj WM M‘M j

(o] 1 2 5 6

Frequency (GHz)

Fig. 4.10: Simulated resonant frequency for the unloaded cylindrical cavity.

The loading dielectric rod was coaxially positioned at the centre of the
cylindrical cavity. It was 10 mm in diameter with permittivity, &, = 25. The
distribution of the permittivity in the coaxially dielectric-loaded cavity is
anisotropic in nature unlike the air-filled cavity, which has evenly

distributed permittivity at every point in the cavity. In the dielectric-loaded
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case, there are two materials of different permittivity values inside the
cavity — air (&- = 1) and the dielectric material (&, = 25). As earlier
mentioned in Section 3.2 of Chapter 3, it is generally recommended that Al
should be less than 1/10 of the shortest wavelength in order to reduce
dispersion error [32] in TLM models. Therefore, for accurate
implementation of the dielectric loaded-cavity, the permittivity difference in
the cavity should be taken into account when dealing with the space
discretisation to ensure that the dispersion constraint of at least 10 nodes
per wavelength at the maximum frequency of interest is satisfied at every
part of the modelling space [39]. This means that the dielectric material with
higher relative permittivity value requires corresponding smaller nodes.

Number of nodes in the dielectric layer, N, is calculated as [18]:

Ng = N/ /& (4.58)

where N, is the number of nodes in the air

The dispersion cut-off frequency calculated for the cavity was 6 GHz.
Simulated results for the dielectric loaded cavity are shown in Table 4.4.
The results are accurate within a 1 % error within the mesh dispersion limit
when compared to the analytical results. The results also compared well

with the simulated results published in [120] and [18] for the same problem.
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Table 4.4: Comparison of the analytical results with the simulated results for

the cavity loaded with dielectric rod

Resonant Frequency (GHz)

Mode | Analytical | Chow [120] | Jukovic [18] Simulated (TLS)
TMO010 1.0189 1.0190 1.0396 1.0100
TMO020 3.5702 3.5740 3.5592 3.5560
TMO030 4.9917 4.9930 Not published 5.0950
TMO040 6.8346 6.8460 Not published 7.0370

4.44 EFFICIENCY OF CYLINDRICAL MESH COMPARED WITH THE

RECTANGULAR MESH

In Section 3.3, it was seen that the staircase approximation of curved
boundaries affected the accuracy of the resonant frequency of the simulated
electric fields when rectangular mesh was applied to the modelling of
circular cavity. The staircase error does not occur in the cylindrical TLM
model as discussed in Section 4.4.1 and in the absence of staircase errors,
cylindrical TLM mesh yielded results with better accuracy. The purpose of
this Section is to further verify the efficiency of the two models -

rectangular and cylindrical mesh - in modelling of the circular cavity.

The first comparison was made on the efficiency of the time steps and the
second on the total number of operations involved in the execution of each
of the model. Table 4.9 summarises the simulated results obtained for the
dominant mode of the cavity (TMO010) using the two meshes. For accurate
comparison, an equivalent number of iterations used in the rectangular mesh

was derived as [72]:
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NcylAtcyl

4.59
At(:ub ( )

Newp =

where At,, and At.,, are the discrete time step in rectangular and
cylindrical models respectively, while N, and N, are the number of

iterations in rectangular and cylindrical models respectively.

To compare the execution time for the two methods, using equal number of
iterations, the number of operations, N,,, for each of the model is calculated
from the mesh dimension, number of iterations (N, and N,;) and the
number of performed operations in the execution of model, P. For the

cylindrical model, N,,, is given as [72]:

Nop = Ny X Ng X N; X Ny X P (4.60)

and for the rectangular model, N,,, is given as:

Nop = Ny X Ny X Ny X Ngypp X P

where N, Ng, N, N,, and N, are the number of nodes inr,8, x, y and z

respectively. N, = 1 for both models.

Three simulations were considered. The first simulation was conducted
using 121 rectangular nodes. An odd number was selected to ensure that the
symmetry of the cavity from one side to the other was not compromised. To
achieve this, one node was set as the centre of the cavity while the
remaining was evenly distributed along the diameter of the cavity. The
second simulation was conducted using 120 cylindrical nodes in order to get

the number of the nodes used for the cylindrical mesh as close to the
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rectangular mesh as possible. The third simulation was conducted with a
more coarse cylindrical mesh than the one used in the second simulation to
check how it affects the results. In this third example, only 60 cylindrical
nodes were used. The simulated resonant frequencies for the cavity and the
mode distribution in the cavity are as shown in Fig. 4.11, Fig. 4.12. The

results obtained from using the two methods are compared in Table 4.5.

121 nodes Cartesian mesh
120 nodes Cylindrical mesh
60 nodes Cylindrical mesh

LU

Normalhsed Electric Field (Ez)

1.8 1.9 2 2.1 22 23 2.4 2.5 2.6 2.7 28 29

Frequency (GHz)

Fig. 4.11: The simulated normalised electric field for the cavity (analytical
frequency = 2.295 GHz).

132



Development of Cylindrical Transmission Line Solver

11

Node

[

=

Cartesian TLM (x x y = 11x11 nodes)

0.05

0.04

0.03

0.02

0.01

0.01

Distance (m)

0.02

.03

.04

.05
0.03 0 0.05

Distance (in)

Cylindrical TLM (r x 6 = 5x12 nodes)

Fig. 4.12: The normalised simulated TMO010 mode for the circular cavity

using 120 cylindrical nodes and 121 rectangular nodes.
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Table 4.5: Comparison of simulated results of using rectangular mesh,
cylindrical mesh and coarse cylindrical mesh for the simulation of circular

cavity.

Cartesian Cylindrical Cylindrical TLM
TLM TLM
Nodes 121 (x xy = 120 (r x 0= 60 (r x 0 =5x6
11x11 nodes) 5x12 nodes) nodes)

discrete time step 1.5x 1071 | 43633 x 10712 | 3.5368 x 10712

Number of iterations 298 2048 2526
Frequency (GHz) 2.13 2.282 2.282
Error in result (%) 6.98 0.39 0.39

Analytical frequency = 2.295 GHz

The discrete time step used in the execution of the rectangular TLM
procedure for the mesh of 121 nodes was 1.5x 10711
and the number of iterations, N_,;, was 298 while the time step used in the
execution of the cylindrical mesh procedure for the mesh of 120 nodes was
4.3633 x 107'% and the required number of iterations, N.,, was 2048. It
was observed that the N.,; = 6.87 X N;,, meaning that the number of
iterations is higher in the cylindrical TLM model compared to its
rectangular TLM counterpart.

However, assuming the same number of iterations N, the calculated N,, =
121Np, 120Np and 60Np for the 121 nodes, 120 nodes, and the 60 nodes
mesh respectively. That is, the number of operations required in the

implementation of the cylindrical mesh is lower compared to the rectangular
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mesh. This means that the overall execution time is reduced in the

cylindrical model.

As shown in Table 4.5, the improvement in results obtained by modelling
with the cylindrical mesh is appreciable and was also achieved with fewer
nodes compared with the rectangular mesh. In the simulated example, the
error in the results obtained using 121 nodes rectangular mesh was 6.98
times higher than the error generated using 120 nodes cylindrical mesh.
Compared to the same model simulated with a more coarse cylindrical mesh
of 60 nodes, 4.3633e-12 discrete time step, 1024 iterations; the error from
121 nodes rectangular mesh was still 6.98 times higher. These results show
that a cylindrical mesh of 60 nodes is sufficient for the accurate simulation
of the cavity, which prove that the cylindrical mesh allows for savings in the

time and storage resources.

To further verify this claim, new simulations were run in both rectangular
and cylindrical TLM with the aim to achieve the same level of accuracy.
The results are as shown in Table 4.6. Comparing the results obtained using
the two methods, the difference in the number of nodes required to obtain
the same level of accuracy in rectangular TLM is 377.50 times higher as in
the cylindrical TLM and the corresponding simulation time in the
rectangular TLM significantly higher. The storage space taken by the
rectangular mesh is also 47.2 times larger compared to the cylindrical mesh.
This shows that there is an enormous savings in term of computing time and

storage resources when using the cylindrical TLM mesh.
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Table 4.6: Comparison the simulated results for the circular cavity using

rectangular mesh and cylindrical mesh at the same level of accuracy.

Cartesian TLM Cylindrical TLM

Nodes 90601 (x xy = 240 (r x 9=
301x301 nodes) 10x12 nodes)

Discrete time step 1.5614 x 10~14 1.0908 x 10712

Number of iterations 16302 8192

Frequency (GHz) 2.290 2.291

Simulation time () 108035 87.16
Storage space 23.6 MB 500 KB

Error in result (%) = 0.17, Analytical frequency = 2.295 GHz

In addition, symmetry application is another point where the cylindrical
mesh has upper hand over the rectangular mesh. For the rectangular TLM
application, the minimum section that can be simulated when applying the
rule of symmetry is a quarter of the cylindrical cavity whereas it is possible
to simulate the cavity with a thin mesh slice in cylindrical TLM and attain
exactly the same result as when the whole mesh is used for the simulation.
For example, using a single slice r X 8 X z =5 x 1 X 1 mesh produced the
same result as using the full plane mesh of r X 8 X z =5 X 12 X 1 mesh

reducing the simulation time from 54.49s to 14.24s.
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45 CONCLUSIONS

An electromagnetic TLM solver TLS developed in MATLAB was applied
to the modelling of different canonical problems: a rectangular cavity, an
air-filled circular cavity, a coaxial cavity and a dielectric loaded cavity. The
simulated results are in good agreement with the analytical expectations.
Simulated results also compared well with the results obtained form an

existing solver and with results obtained from the literature.

The analysis of the rectangular resonant cavity was carried out using the 2D
shunt TLM and SCN TLM methods. To verify the accuracy of the TLM, the
simulated results were compared with the analytical results and the results
of the commercial electromagnetic simulator, CST and it was found to be

accurate with an error of less than 0.1% for the considered example.

For the circular cavity model, the resonant frequencies were obtained from
the characteristic equation discussed in Chapter 3 (3.2) and were used as
benchmark for the simulated results. In modelling of the circular resonator,
both rectangular mesh and cylindrical mesh models were considered. The
two methods did not produce the same results. In the case of rectangular
model, the staircase approximation affected the accuracy of the results by
shifting the simulated resonances down compared with the analytical
expectations. Increasing the mesh size produced better results but at the
expense the time, storage and a higher dispersion. Simulated results
obtained from the cylindrical mesh are more accurate than those obtained
using the rectangular mesh. The savings in memory and time observed when
using cylindrical mesh is highly commendable when compared with the
rectangular mesh simulations. Another advantage of the cylindrical mesh is
in the possibility of exploiting the symmetry about the centre axis such that
only one layer of nodes in the theta dimension is required for the simulation

of the entire cavity. A large simulation space will be required for the
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modelling of axisymmetric radiating structures that will be discussed in
Chapter 5 and symmetry application will be applied to reduce the simulation

time and storage memory that will be required.

In summary, by comparing the simulated results of modelling circular cavity
with the rectangular and the cylindrical meshes, it has been confirmed that
the cylindrical mesh is more accurate than the rectangular mesh in
modelling curved boundaries. Therefore for the purpose of this thesis, the
cylindrical mesh is considered a preferred choice for the simulation of
axisymmetric radiating structures, which will be discussed in Chapter 5.
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CHAPTER 5

THE CYLINDRICAL TRANSMISSION
LINE MODELLING OF AXISYMMETRIC
RADIATING STRUCTURES

In this Chapter, the modelling procedure for the axisymmetric radiating
structures using the cylindrical TLM method is discussed. The cylindrical
TLM mesh was discussed in Chapter 4. Before proceeding into the
modelling procedures, a short introduction to a range of typical
axisymmetric antenna structures - cylindrical dipole, cylindrical monopole
and conical monopole antennas - is presented in Section 5.1. These radiating
structures will be simulated using the cylindrical TLM mesh of the
developed Transmission Line Simulator (TLS). The cylindrical TLM mesh
has been chosen, over its rectangular counterpart, for the simulations of
these axisymmetric radiating structures because mesh-to-structure
conformity is possible with the use of cylindrical mesh and its application
promises potentially more accurate results as discussed in Section 4.6.3 of
Chapter 4. The simulation procedures and simulated results for these
structures using the cylindrical TLM mesh are discussed in Section 5.2.
Measured results from the fabricated prototype antennas are presented in
Section 5.3 to validate simulated results while conclusions to this Chapter
are drawn in Section 5.4.
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5.1 INTRODUCTION TO THE AXISYMMETRIC RADIATING

STRUCTURES

As previously mentioned, the cylindrical dipole, cylindrical monopole and
conical monopole antennas are examples of structures that possess axial
symmetry. In this Section, a short introduction to these structures is

presented.
5.1.1 CYLINDRICAL DIPOLE AND CYLINDRICAL MONOPOLE ANTENNAS

Cylindrical dipoles and monopoles are inexpensive, simple antennas and
can be made from wire. Both antennas are desirable because despite their
simplicity, they can be used to achieve some degree of wideband antenna
characteristics by modifying the conductor thickness. Wideband antennas
are needed for applications that require coverage of a broad range of

frequencies such as in television reception of all channels [20], [133].

A dipole is made of two bilaterally-symmetric, identical radiating elements
separated at the centre by an insulator. The two elements are connected to a
feed line, which is usually a 50-Q impedance coaxial cable. To make the
dipole resonant, its total electrical length should be half-wavelength (A/2) of
the lowest desired operating frequency. The lowest frequency at which the
dipole resonates is called the fundamental frequency and the subsequent
resonances occur at odd multiples of the fundamental frequency [20].

When one of the radiating elements of the dipole antenna is replaced by a
finite conducting surface/plane termed ground plane, it becomes a
monopole antenna, making the length of the monopole a quarter-wavelength
(A4) at the desired fundamental frequency. When placed over a large
ground plane, a quarter-wave monopole antenna excited by a source at its
base displays the same radiation pattern in the region above the ground as a

half-wave dipole in free space. This simply means that the conducting plane
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commonly referred to as the ground plane, replaces the second conducting
wire of the dipole. The ground plane behaves like the other half of the
dipole and if the ground plane is sufficiently large, the monopole antenna
can be as strong as the dipole in its radiation. The monopole can only radiate
above the ground plane and so, the angular image of the radiation is limited
to0 < 6 <m/2 compare to0 < 6 < min a dipole antenna. The simplicity
in construction and the broadband characteristics of the monopole antenna
[134] lend to its common use in portable equipment such as mobile/cellular
telephone and automobiles. It is also widely used in ground-based
communications systems wireless sensor networks [135]-[137].

The broadband nature of the cylindrical monopole, as that of the dipole,
depends on the thickness of its diameter [20]. The thin dipole is generally
considered narrowband while the thick ones are broadband. Although, large
diameter dipole and/or monopole are more broadband in nature, the
diameter of the radiating structure should be chosen with care because they
resonate at lower frequencies than their thin counterpart. On the other hand,
the radiation characteristics of dipoles are also frequency dependent. The
rate at which these characteristics change as a function of frequency
depends on the antenna bandwidth. For very thin dipoles/monopoles, small
alterations in the frequency of operation result in large changes in its
operational behaviour. In order to reduce the sensitivity of the dipole
radiation characteristics as a function of frequency for a given length of wire,
the ratio of the antenna length to its diameter (1/d ratio) has to be controlled.
One conventional way by which its operational bandwidth can be enlarged
in an acceptable way is to decrease the length to diameter ratio (I/d ratio).
The sensitivity of the dipole to frequency changes reduces as the l/d ratio

decreases.
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5.1.2 CoNICAL MONOPOLE ANTENNAS

In this Section, the conical antenna is introduced. As mentioned previously,
the bandwidth of monopole antennas depends on the diameter of the
radiating structure. Conical monopole antennas have large surface areas,
which give them a broad bandwidth characteristic [133]. In addition to
having broad bandwidth, conical antennas also have omnidirectional
radiation pattern. For both military and commercial applications, there is an
increasing demand for Ultra Wide band (UWB) antennas with omni-
directional coverage [138]. These characteristics possessed by the conical

monopole have attracted research interest to the structure [139]-[142].

A conical antenna is made up of a cone, with or without a spherical cap, and
a horizontal ground plane. Ideally, the ground plane is infinitely large but in
practice, it is impossible to have an infinite ground plane for the conical
antenna. Therefore, the ground plane is usually built as a reflective plane of
finite size. The consequence of using a finite ground plane in practice is that
end reflections and standing waves are introduced, which in turn reduces the
bandwidth of the antenna and introduces unwanted effects such as

significant back lobes in the radiation pattern of the antenna [143], [144].
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5.2 ANTENNA MODELLING USING DEVELOPED TRANSMISSION
LINE SIMULATOR

In this Section, the cylindrical dipole, cylindrical monopole and conical
monopole introduced in Section 5.1 are simulated using cylindrical TLM
mesh. Using the cylindrical TLM solver for the simulations means that
antennas are simulated in the cylindrical coordinate instead of the
conventional spherical coordinate. General descriptions of the method
adopted for the antenna feed and the application of the absorbing boundary
will be discussed in the following Sections. Simulated results for the three
antennas are also presented and discussed. Since the cylindrical dipole and
cylindrical monopole antennas are similar, both are discussed in Section
5.2.1 while the conical monopole is discussed in Section 5.2.2.

5.2.1 MODELLING OF CYLINDRICAL DIPOLE AND CYLINDRICAL
MONOPOLE ANTENNAS

Procedures for the simulation of the cylindrical dipole and cylindrical
monopole antennas are presented here. These two antennas have their

dimensions chosen in order to operate at approximately 2 GHz.
5.2.1.1 ANTENNA DIMENSIONS

The lengths of the two antennas were determined based on the wavelength A
of the desired operating frequency. For the 2 GHz operating frequency, A =
150 mm. The length, [ of the simulated dipole antenna was set to 75 mm.
This length was chosen because it is a fundamental requirement that the
dipole antenna be half-wavelength long (I = A/2) in order for it to radiate
[20]. Each radiating element of the dipole was 37.5 mm long in length. The
diameter, d of the dipole antenna was set to 3 mm resulting in I/d ratio of 25.

For a 2 GHz operating frequency, the required length for the monopole, [ =
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A/4 = 37.5 mm. The monopole was positioned at the centre of a circular

ground plane of 24 diameter.
5.2.1.2 THE MESHING PROCEDURE

In the example discussed in this Section, the two antennas simulated were
discretised in computational cylindrical modelling space of 200 x 251 x
200. The discretization of lengths for the TLM simulation were chosen such
that the largest discrete lengths conform to the 0.1\ dispersion limit [42].
These radiating structures were positioned symmetrically about the origin
with their lengths directed along the z-axis in the simulation space.
Radiating elements were simulated as copper with electric
conductivity, o, = 5.8 X 107 S/m. The ground plane used for the monopole

was also simulated as copper.

The axisymmetric nature of the antenna and the simulation space means that
one slice of 8 was sufficient for the simulation. Application of the symmetry
resulted in total of 200 x 1 x 200 nodes for the simulation. The largest
discretised length was 3.75 mm and it was determined based on the A of the
expected highest frequency within the acceptable dispersion cut-off
frequency range, in this case, 8 GHz. The discretised time step for the

simulation of the both dipole and monopole antennas was 1.5645 x 1071* s,

In the simulation space, the dipole antenna was positioned in such a way
that a node serving as the input port was separating the two radiating
elements of the dipole. The feeding port was modelled to serve as the 50 Q
matching feed point. The detailed procedure of the port model is described
in Section 5.2.1.3. The feeding node increased the total length of the
antenna by 1.5 mm making the total length 76.5 mm and [/d ratio of 25.5.
The simulation mesh view for the dipole in the r-z plane is as shown in Fig.
5.1 (a). Likewise, the monopole was positioned in the simulation space such

that a node was separating the radiating structure from the ground plane and

144



The Cylindrical Transmission Line Modelling of Axisymmetric Radiating
structures

this node served as the feeding node. The feeding node increased the length
to 39 mm giving [/d = 13. The r-z view of meshes used for the dipole and
the monopole are shown in Fig. 5.1. Only one slice of the simulation space
was simulated because of symmetry. Thus, in order to aid the visualisation
of the antenna in the mesh, the image was mirrored at the centre of

symmetry on r. The image has also been zoomed in from its original size.

145



The Cylindrical Transmission Line Modelling of Axisymmetric Radiating
structures

0.12

feeding

0.11

port

0.1

0.09

0.08 ASuEEE

z-axis (m)

0.07

0.06

0.05

0.04

1
1
1

0.03 1

-0.05 0 0.05

r-axis (m)

(@) Cylindrical dipole

0.05

0.02

z-axis (m)

feeding port

(b) Cylindrical Monopole

Fig. 5.1: Simulated (a) dipole and (b) monopole in the simulation space with
the red lines indicating the copper and meshed background representing the

open space.
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5.2.1.3 ANTENNA EXCITATION PROCEDURE

Once the meshing procedure was completed, the antenna was excited using
the procedure discussed in this Section. There are various ways by which an
excitation pulse can be applied to the radiating structure in TLM [3]. Three
different methods are briefly described and the novel approach adopted for
excitation of the antennas in the simulations reported in this thesis is then

presented.

One of the known methods for exciting antennas in TLM model is to model
the feed wire/node(s) as a short circuit placed in the middle of link line(s)
and then impose the incident voltage pulses on the adjacent ports. The
second possible approach is to model the feed wire/node(s) as a short circuit
placed in the middle of link line(s) and then induce a current by imposing a
magnetic field. The third method involves connecting a voltage source with
known internal impedance to the antenna. This third method is referred to as
the wire-feed model and it is achieved in TLM by manipulating the
capacitance and inductance of the wire node to accommodate the presence
of the wire in the simulation space [145]. For the examples in this thesis,
the method used in the excitation of the simulated antenna is a novel

optimised version of the second method described above.

To excite the simulated antenna, the node directly between the two poles of
the dipole and the node between the monopole and the ground plane was
modified. The node was modified to model a 50 Q impedance feed-wire
serving as a matching node for the antenna instead of using a short node as
described in the second method above. The node is termed feed-node. In the
simulation space, the feed-node was represented in terms of its electric
conductivity. This was achieved by setting the impedance, Z,,, of the feed-
wire, which in this case is 50 Q to be equal to the ratio of the resistivity of

the wire, p,,, to the cross Sectional area 4,, of the wire. Using (5.1) — (5.4),
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the equivalent conductivity for the 50 Q feed-wire of length [,, and radius

1, Was calculated.

ply
Z, = — 5.1
where
A, = TRz (5.2)

The electric conductivity a,, is inversely proportional to p,, and it is given

as:

ow = 1/py (5.3)

Substituting for p,, and A,, gives

lw Ly
_ _ 5.4
W= Az, w2z, (54)

The optimised matching node, the feed-node, now serves as the feed-wire
having 50 Q resistance and conductivity, o,,. Current was injected at the
base of the antenna by exciting the H-field around the optimised node as

shown in Fig. 5.2.
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Fig. 5.2: Antenna excitation (H-field in dotted arrow, d = 2r,, and D is the

simulation space diameter).

The simulated results for the modelled cylindrical dipole and the monopole

antennas are presented in Sections 5.2.1.1 and 5.2.1.2 respectively.

5.2.2 SIMULATED RESULTS FOR THE CYLINDRICAL MONOPOLE AND THE

CYLINDRICAL DIPOLE

The simulated results for the modelled cylindrical dipole are presented in
this Section. The radiation frequency of the antenna is the main antenna
characteristics produced by the TLS. The electric fields in the two
simulations were observed at a location adjacent to the feed point, 100
nodes away from the antenna. The electric field in the simulation space for
the monopole antenna is shown in Fig. 5.3. The electric field response
shows that the signal gradually dampens and tends to zero with time. These
results suggest that the boundary is correctly implemented because this is
the kind of response theoretically expected from a simulation space
terminated by an absorbing boundary.
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Fig. 5.3: The simulated electric field for the cylindrical monopole after
40960 iterations (observed at node r, 6,z =100, 1, 75).

For easy comparison, the magnitude of the electric field in frequency
domain was normalised to the highest value in the simulation result. It can
be deduced from Fig. 5.4 that the simulated radiated frequencies are as
theoretically expected. There is a fundamental resonant frequency of 2 GHz
for A/4 and a secondary resonance around 6 GHz, which is an odd multiple
of the fundamental frequency (3A/4), as expected of a typical monopole.
These results show that the model has been correctly implemented in TLM.
However, for a monopole/dipole of 1.5 mm radius, a narrow bandwidth is
theoretically expected while the bandwidths of the simulated operating
frequencies are wide. In the simulation of the monopole, two approaches
were considered in order to check if the position of the antenna in the
simulation space affects the simulated results and to determine the best
position for the radiating structure in the simulation space. The first
approach was to place the radiating structure and the ground plane at the
centre of the simulation space and the second approach was to place the
radiating structure and the ground plane at the base of the simulation space.

The results obtained for both position were found to be very close when
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compared. For the remaining part of this thesis, the base position was the

chosen method for all simulations.

To verify the theoretical expectation that the monopole on an infinite ground
plane should radiate at the same frequency as the dipole twice its length, the
frequency responses of the simulated antennas were compared as shown in
Fig. 5.4. It was observed that the simulated electric field followed the same
trend of radiating frequencies except for the difference in amplitude and a

small shift in phase at higher frequencies.
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Fig. 5.4. Comparison of the normalised electric field for the cylindrical

monopole and the dipole antennas after 16384 iterations.

5.2.3 SIMULATION OF CONICAL MONOPOLE ANTENNA AND SIMULATED

RESULTS

For a resonant frequency of 2 GHz, the length of the cylindrical antenna was
set at M4 = 37.5 mm and the antenna half-angle 45°. The antenna was
modelled to stand on a circular ground plane of radius 1A. Both the antenna
and the ground plane were simulated as copper. The schematic diagram of
the simulated cone is shown in Fig. 5.5. The conical antenna was simulated

in the same computational cylindrical modelling space as the dipole and
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monopole in Section 5.2.1. The simulation mesh view for the conical
monopole in the rz-plane is as shown in Fig. 5.6. With the application of
symmetry, only one slice of the cone was simulated. Therefore, in order to
aid the visualisation of the cone in the mesh, the image was mirrored around
the 6 axis and at the centre symmetry on r. The image has also been zoomed

in from its original size.

©37.5mm-
37.5mm
< 300 mm >

Fig. 5.5: The schematic diagram of the simulated conical monopole.
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Fig. 5.6: The simulated conical monopole meshed in TLM with red

indicating the copper and meshed background representing the open space.
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The H-field was excited around the 8-axis as described in Section 5.2.1 and
the electric field propagation is along the z-axis and absorbing boundary
termination was applied to the end of the modelling space. The simulated
electric field for the conical structure is shown in Fig. 5.7. It can be deduced
from the figure that the simulated conical antenna has a broad bandwidth
compared to the monopole and dipole output presented in Fig. 5.4.
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Fig. 5.7: Normalised simulated electric field for the conical antenna after
40960 iterations.
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5.3 EXPERIMENTAL RESULTS AND DISCUSSIONS

Since the simulated results were closely in-line with theoretical predictions,
the antennas were fabricated and measured to further validate the simulated
results. In this Section, the results of these measurements made on prototype
monopole antennas are discussed. The antennas were built using solid
copper while the ground planes were constructed from FR4 with single-
sided copper metallisation. The diameter of the ground plane for the two
prototype antennas was 300 mm. Both antennas were 37.5 mm high/long.
The cylindrical monopole had a 3-mm diameter while the cone had a 75 mm
diameter circular base at 45° half-angle. A tiny hole was drilled to the base
of the cone in order to connect the 50 Q SMA connector. Pictures of the

fabricated antennas are shown in Fig. 5.8 and Fig. 5.9.

Fig. 5.8: Picture of the fabricated prototype cylindrical monopole antenna.

Fig. 5.9: Pictures of the fabricated prototype conical monopole antennas.
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For the measurement of the reflection coefficient (S;;) of the antennas, an
Anristsu 37397D VNA analyser calibrated to measure up to 12 GHz was
used. The S;; results give a general overview of the antenna’s behaviour.
The analyser was connected to the coaxial feed, which was connected to the
ground plane. The antennas were mounted on a stand during measurements
as shown in Fig. 5.10 and Fig. 5.11. To support the weight of the conical
antenna on the measuring equipment, a square shaped Styrofoam with a
conical-shaped hollow middle was built and fastened to the ground plane
with a nylon strip and bolt as shown in Fig. 5.13. The connection of the
SMA feed to the cone was carefully set to ensure good contact.

Fig. 5.10: Measurement set-up for the cylindrical monopole antenna.

Fig. 5.11: Measurement set-up for the conical monopole antenna.
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Fig. 5.12: Support structure for the cone antenna measurement.

The measured parameter in the experiment is S;; parameter while the
simulated parameter is the electric field. It was observed that the simulated
electric field peaks at the point where the crest of the S;; parameter lies.
Therefore, to compare the simulation results to the experimental results, the
peaks and the crests of the two results are compared. The measured S;
parameter for the cylindrical monopole antenna prototype is as shown in Fig.
5.14. The fabricated antenna resonates at 1.98 GHz and 5.8 GHz, which are
very close to both the theoretical and simulated predictions.
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Frequency (GHz)

Fig. 5.13: Sy; parameter for the prototype cylindrical monopole antenna.

The S;; parameter of the prototype conical monopole antenna is as shown in

Fig. 5.15. Compared to the ultra-wide bandwidth predicted by the simulated

156



The Cylindrical Transmission Line Modelling of Axisymmetric Radiating
structures

result, the prototype cone demonstrated a broad bandwidth from 1.10 — 6.41
GHz at -10 dB. Notwithstanding, at -9.5 dB, the antenna has an ultra-wide
bandwidth over the frequency range 1.10 — 12.0 GHz, which is very good .

Measured Conical Monopole

Rellection Coelicient, S11{dB)
[
o
T

Frequency (GHz)

Fig. 5.14: Measured S;; parameter for the prototype conical monopole.

It was also observed that although the antenna’s vertical height was
calculated to be 37.5 mm for the 2 GHz fundamental frequency, the antenna
started radiating below -10 dB at 1.10 GHz. This is in line with theoretical
expectations because the lowest resonant frequency of an antenna, which is
1.10 GHz in this case, is determined by the longest length on the antenna
structure. The longest length on the conical antenna is not the vertical height

but the length of the slant edge of the cone, which is calculated as

vertical height ~ 37.5
sin(half cone angle) ~ sin(45°)

Slant height = = 53.03 mm

With the length of 53.03 mm, the antenna is theoretically expected to radiate
at 1.41 GHz frequency. However, the top of the solid cone formed a
continuous path for the propagating wave and is expected to have some

effect on the frequency.
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5.4 CONCLUSIONS

The Transmission Line Simulator (TLS), developed for this research has
been used successfully for the simulation of microwave cavity resonator in
Chapter 4. In this Chapter, the application of the solver is extended to the
modelling of axisymmetric radiating structures. The structures simulated are
a cylindrical dipole, a cylindrical monopole and the conical monopole
antennas. The simulated results were compared with the analytical results

and were found to be in reasonable agreement.

To validate the simulated results, prototype cylindrical monopole and
conical monopole antennas were fabricated and measured. The measured

results compared well with the theoretical and simulated results.

Having established the effectiveness of the TLS in modelling axisymmetric
radiating structure, the next step is to apply the simulator to a more
advanced application. In Chapter 6, the solver is applied to the modelling of
radial slots on a solid cone antenna and the effects of these slots on the

antenna properties are investigated.
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CHAPTER 6

MODELLING OF THE SLOTTED CONE

As mentioned in Chapter 5, the finite nature of the mono-cone antenna
introduces end reflections and standing waves, which affect the bandwidth
of the antenna [143]. One common method used in improving the
bandwidth of conical antennas is modifying the top of the antenna such that
it has a spherical surface [146]. Examples of such type of designs that have
been used in practice are sphere-loading [147], teardrop (defined as the
combination of a finite cone and a sphere [143]), the merge of a cone with a
circular cylinder [133] and adding a hemispherical dome to the top of the
cone [148]. These loading methods improve matching and thus reduce the
amount of reflected energy. Sphere loading increases the electrical length of

the antennas as well.

Other modifications that bring improvement to the conical antenna include
dielectric loading and resistive loading. Dielectric loading increases the
electrical length of the antenna but has a negative side effect of loading the
near field of the antenna affecting the characteristic impedance of the
antenna. Hallén [149] researched into an antenna with quasi-distributed
capacitive loading and concluded that it has excellent broadband
characteristics. Rao et al. [150] worked on an antennas with exponentially
tapered capacitive loading and concluded that this also had good broadband
characteristic. Palud et al. [151] and Gentili et al. [152] also researched into
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the effect of adding parasitic elements and a capacitive loading ring to the

antenna and came to a similar conclusion.

Resistive loading of the antenna, on the other hand, alters the current
distribution along the antenna length thereby reducing the reflections from
the ends of the antenna [153]. It reduces the distortion of the radiation from
the open end and feed region of the antenna. Resistive antennas are an
interesting concept but have a major disadvantage of low efficiency. This
deficiency does not occur in reactive loading [153]. King and Wu [154]
presented theoretical analysis of a resistive antenna with constant loading.
Shen [155] experimentally analysed the resistive antenna and it was
reported that his results were in agreement with King and Wu to some
extent. More recently, Maloney and Smith [139] placed a continuous
resistive material along the antenna length to produce an exact replica of the
input pulse as observed on a conical antenna and conducted an experimental
study using the discrete version of the resistive profile proposed by King
and Wu [154] and obtained results that were in good agreement with the
theoretical work.

Another method that has been used to improve the bandwidth of conical
antennas is the alteration of the ground plane. Mulenga and Flint [144]
researched into modifying the ground plane to achieve improved broadband
antenna performance. They investigated the effect of using a partially
corrugated reflector instead of the normal Perfect Electric Conductor (PEC)
reflector on the radiation pattern of the conical antenna and detected that the
corrugated reflector gives a more stable radiation pattern over a wide

frequency band than the conventional PEC.

Oleksiy [156] carried out research into improving the radiation pattern of a
bi-conical antenna by reducing its side lobes using radial slots. He achieved

this by cutting quarter-wavelength deep annular slot out of the conical
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radiating structure. The slots were also reported to have brought about a
reduction in the antenna diameter by a factor of two. The bandwidth was
however traded off for this size improvement to be achieved. Best [157] also
researched into the effect of cutting slots into the body of open conical
antenna but he worked on an open cone antenna. Doroshenko et al. are other
researchers who have worked on the use of slot to enhance the performance

of conical antenna characteristics [158].

Based on the work of Best [157], Mulenga [159] explored the use of single
and multiple slots to improve the radiation pattern of conical antenna. It was
reported that the behaviour of conical antennas with cut out slots was
complex and slots on a 3-D conical antenna brought about disruption to the
TEM mode of the broadband antenna. It was also reported that slots

introduce several anti-resonant frequencies in the operating band.

In this Chapter, slotted cone antennas are simulated using the developed
Transmission Line Modelling Solver. The purpose of these simulations is to
check the effectiveness of the developed code in simulating slots because it
has been reported that slots can be efficiently represented in TLM [4]. The
simulated results of slotted conical antennas are presented and compared
with the analytical results obtained using the equations proposed by
Mulenga [159]. The possibilities of using dielectric loaded slots to improve
the characteristics of the conical antenna was also investigated and reported
here. The simulation procedures and the results obtained for the slotted
cones are discussed in Section 6.2, simulated results showing the effect of
the dielectric load on the conical antenna are presented in Section 6.3 and
measured results to validate the simulated results are presented in Section
6.4.
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6.1 SLOTTED-CONE ANTENNA SIMULATION AND SIMULATED

RESULTS

In this Section, simulated results for cones having annular slots are
discussed. Similar to the cone simulated in Section 5.2.1, the vertical length
of all simulated slotted-cone antennas were set at A/4 (37.5 mm) for 2 GHz
frequency and the antenna half-angle set at 45°. The antennas were placed
on a circular ground plane of 2A diameter. These dimensions were chosen in
order to be able to compare simulated results of the slotted antenna with the
already simulated plain cone to determine the effect of the slot(s) on the
conical monopole antenna parameters. Both the antenna and the ground

plane were simulated as copper.

A solid cone antenna with a slot (see Fig. 6.1) is theoretically expected to
generate anti-resonant frequency at a certain frequency band [159]. The
expected anti-resonant frequency/trap frequency ( f;) and the position of the
slot on the cone, slot-position (hy) that would allow its occurrence are

analytically calculated as [159]:

c

h = sl oD
h = c

s = 4_]2 (6.2)

1

VE€oHo

permittivity and the permeability of free space respectively; ¢, and u, are

where ¢ = is the speed of light in free space; ¢, and u, are the

the relative permittivity and the relative permeability of material in the slot

respectively and s is the depth of the slot.
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h

2]

Fig. 6.1: The schematic diagram of single-slotted cone antenna.

In order to verify the accuracy of equations (6.1) and (6.2) for the
calculation of f;, a benchmark simulation was conducted for a slotted cone
with cone-height = 37.5 mm, slot-width, s,, = 3 mm, s; = 15 mm. Equation
(6.1) gives f;, = 3.18 GHz and hy; = 23.58 mm. Since the two equations
were yet to be verified, another simulation was run in CST for validation of
the simulated result. The two simulated results were compared in Table 6.1.
For the selected parameters, the simulation results compared to the
theoretical results with a 21% difference in both TLS and CST. The
difference in the analytical result compared to the simulated results could be
as a result of the selected value of s,,,, which is not included in the analytical
equation but was reported to be very small. For accurate comparison of
simulated results with the analytical solutions, the calculated values from
the equations had to be corrected for this error. However, the equation gives
a rough estimate of the frequency range for the occurrence of trap

frequencies, which served as a useful guide.
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Table 6.1: Comparison of benchmark analytical result to simulation results

Frequency (GHz)
Theory 3.18
Simulation by CST 3.86
Simulation by TLS 3.85
Sy =3 mm, sg =15 mm, hy = 23.58 mm

Four parametric studies showing the effect of the slots on the performance
of the cone were carried out. The study includes the effect of the slot’s-
position, depth, width and multiple slots. The first three studies, parametric
test 1, 2 and 3, examined the effects of the slot’s location depth and width,
on the operating frequency of the antenna respectively. The fourth study
parametric test 4 checked the effects of two slots on the cone antenna
parameters and the last test. Another simulation was performed to determine
the effect of loading the slot with dielectric material of &. > 1 on the

resonant frequency.
6.1.1 PARAMETRIC TEST 1-THE LOCATION TEST

This parametric test was conducted to verify the effect of the slot’s location
on the operating frequency of a conical antenna and the results are discussed
here using two simulations. An annular slot of s, = 1.5 mm, s; = 15 mm
was positioned at two different locations on the cone and their simulated
results compared. For the first simulation referred to as slotted cone antenna
la, hg = 18.75 mm and for the second simulation referred to as slotted cone
antenna 1b, hy = 26.25 mm as shown in Fig. 6.2(a) and (b) respectively.
The rz-view of the meshes used for the two single-slotted cones are shown
in Fig. 6.3. With the application of symmetry, only one slice of the cone was

simulated.
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(b) Slotted-cone antenna 1b: hy = 26.25 mm , s; = 15 mm

Fig. 6.2: The schematic diagrams of simulated single-slotted cone antennas

for the location parametric test, cone angle = 45°.
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(b) slotted-cone antenna 1b: hy = 26.25 mm, s; = 15 mm

Fig. 6.3: The rz-view of the mesh used for the simulation of the single-

slotted cone antennas for location parametric test.
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The result obtained from the simulated plain cone discussed in Section 5.2.3
is used as reference for the results of the slotted cones simulated in this
Section. The simulated plain cone was broadband in nature as shown in Fig.
5.18. Fig. 6.4 shows the normalised electric field as a function of frequency
for the two slotted-cone antennas.
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Fig. 6.4: Comparison of the normalised simulated electric field for plain

cone (—) slotted-cone antenna 1a (---) and slotted-cone antenna 1b (---).

As shown in Fig. 6.4, the frequencies of the slotted-cone antennas followed
the same trend as that of the plain cone. However, the insertion of the slot
with s, = 15 mm affected the magnitude of the electric field simulated for
the slotted-cone antennas by introducing a deeper crest, which signify an
anti-resonant frequency, at 3.73 GHz. The presence of the anti-resonant
frequency produced a trap within the broad bandwidth of the plain cone. It
can be deduced from Fig. 6.4 that despite the fact that the two slots were not
positioned at the same location on the cone, both produced anti-resonant
frequency about the same point. There was a little shift towards the lower
frequency observed in the trap produced by the slot located at 18.75 mm
cone height compared to that of the slot located at 26.25 mm cone height.
The slot position could be responsible for this shift, which means that it is
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important to put into consideration the position of the slot on the cone in
order to obtain accurate results. This is in agreement with the theoretical
prediction. The slot located closer to the top of the cone at 26.25 mm cone
height was also observed to produce a stronger trap compared to the one
placed at the mid-length of the cone (18.75 mm cone-height).

6.1.2 PARAMETRIC TEST 2 - THE DEPTH TEST

In order to evaluate the impact of s; on the operating frequencies of the
slotted-cone antennas, two different slot-depths were simulated and the
results obtained compared. For the first simulation, the s; = 7.5 mm and for
the second simulation, s; = 15 mm. s, = 1.5 mm and h; = 18.75 mm for the
two antennas. The simulated electric field at different frequencies for the
two slot-depths considered are compared with that of the cone with no slot
in Fig. 6.5.

o9 L

o8 L

07 L

06 L

05 L

04 L

Normalised electric field, Ez

03 L

oz L

plain cone (no slot)

o1 — = = 15 mm slot at 18.75 cone height

7.5 mm slot at 18.75 cone height

o I I I I I I I I I
o 1 2 3 a 5 6 7 8 9 10

Frequency (GHz)

Fig. 6.5: Comparison of the simulated electric field of the plain cone
antenna (—) with the slotted-cone antennas with sy = 7.5 mm (---) and sy =
15 mm (+-°) at hy = 18.75 mm.

It was observed from the results of the depth variation presented in Fig. 6.5

that the anti-resonance frequencies produced by the two slots considered are

168



Modelling of the Slotted Cone

inversely proportional to the depth of the slots as theoretically predicted.
The deeper slot produced a trap at a lower frequency while the relatively
shallow slot produced a trap at a higher frequency. It was also observed that
the higher frequency was strongly affected by the slot as it produced a
stronger trap compared to the lower frequency. This is in line with
theoretical expectations. It can be deduced from these results that the s; can
be used to determine what frequency is radiated and which one is
blocked/trapped within the broadband frequency range of the host antenna,

the plain cone antenna.
6.1.3 PARAMETRIC TEST 3—THE WIDTH TEST

In order to highlight the effect of the slot-width on the operating frequencies
of the slotted-cone antennas, parametric simulations with varying width was
conducted. While varying the widths of the slot, hg was fixed at 26.25 mm
and s, was fixed at 15 mm. The results of four different slot-widths are

compared with that of the ordinary plain cone in Fig. 6.6.
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Fig. 6.6: Comparison of the simulated normalised electric field for single

slotted-cones with different slot-widths.
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It could be inferred from the results shown in Fig. 6.6 that the variation of
the slot-width affected the bandwidth of the anti-resonance created by the
slots in direct proportion. Contrary to the theoretical expectation, it was
observed that the fundamental frequencies of the slotted cone did not
significantly shift towards lower values but those of the anti-resonant
frequencies did with increases in the slot width. This shift widened the
bandwidths of the anti-resonant frequencies at the expense of the bandwidth
of the fundamental frequency. It was observed that despite the difference in
the slot-widths of the slotted-cone antennas, their frequencies followed the
same trend by showing anti-resonances at approximately the same
frequency. These results show that the slot-depth has significant impact in
determining the position of the anti-resonant frequency as suggested by
equation (6.1) while the slot-width affects the bandwidth of the trap. It can
also be deduced from these results that a well calculated slot on a solid cone
antenna can be used to suppress any frequency range that is not required in a
wideband application. This also means that if the antenna is to be
conditioned for frequency rejection or selective frequency radiation, the
width of the slot can be used to adjust the bandwidth of the rejected
frequency while the frequency to be blocked can be selected by varying the
depth of the slot. These results were considered as a guide in the choice of

the slot-width for the prototype antennas discussed in Section 6.2.
6.1.4 PARAMETRIC TEST 4 - DOUBLE SLOTS

The tests conducted on slotted-cone antennas in Section 6.1.1 — 6.1.3
involved the use of a single slot on the cone. To check the effect of multiple
slots on the operating frequency of the cone antenna, two annular slots were
placed on the cone as discussed in this Section. Two slots were positioned at
heights hs; = 18.75 mm and hs, = 26.25 mm on the cone as shown Fig. 6.6
and this particular slotted-cone is referred to as a double-slotted cone

antenna.
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Two variants of the double-slotted cone antenna were considered: double-
slotted antenna 4a and double-slotted antenna 4b. In the double-slotted
antenna 4a test, s; = 15 mm for the two slots. In the double-slotted antenna
4b test, a slot with s; = 7.5 mm was positioned at hg; = 18.75 mm and slot
with s; = 15 mm was positioned at hs; = 26.25 mm. The s, = 1.5 mm was
maintained for both slots. The schematic diagram of the double slotted cone
and the rz-view of the mesh used for the simulation are shown in Fig. 6.7
and Fig. 6.8 respectively. The simulated operating frequency for slotted-
cone antenna 4a and 4b are compared with that of the plain cone in Fig. 6.9.
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Fig. 6.7: The schematic diagram of the simulated double-slotted cone

antenna.
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Fig. 6.8: The rz-view of the mesh used for the simulation of the double-
slotted cone antennas.
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Fig. 6.9: Comparison of the simulated normalised electric field for the plain

cone (—) and the double-slotted cone antennas.

Based on the analytical results and previous response of the 15 mm deep
slot, positioned at 26.25 mm cone-height, it was expected that the double-

slotted-cone would generate a trap frequency band about 3.73 GHz. The
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simulation results confirmed this expectation by creating anti-resonant
frequencies aligning within the predicted range of frequency range (3.31 -
3.99 GHz). Despite been located at different positions on the cone, there
was only one noticeable trap produced by the two slots. However, the
bandwidth of the trap frequency created was wider than that of a single slot.
The width of the trap frequency was observed to be similar to the bandwidth
produced by the single slot with 3 mm width. It can therefore be deduced
that the width of the two slots had a cumulative effect on the result,
producing an equivalent effect of 3 mm width. The trap created by the two
slots is stronger than that of a single slot as shown in Fig. 6.9 despite the

fact that the width was maintained at 1.5 mm depth.

It can be deduced from Fig. 6.9, that the double-slotted antenna 4b produced
two clear anti-resonant frequencies associated with the two different slot-
depths. The 15 mm deep slot produced the lower anti-resonant frequency
while the 7.5 mm deep slot was responsible for the higher anti-resonant
frequency. In the case of double-slotted antenna 4a, the trap frequency only
occurred between 3.31 — 3.99 GHz confirming the fact that the slot-depth
has great impact on the operating frequency of a slotted antenna. It was also
observed that the double slotted-antenna produced stronger anti-resonance
with wider bandwidth compared to their single slot counterparts showing

the effect of the cumulative slot-width.
6.1.5 DIELECTRIC LOADED SLOTTED-CONE

The effect of loading the slots with a dielectric material of permittivity value
g, = 2.5 is discussed here. A slotted cone with s, = 3 mm, s; = 15 mm and
hg = 26.25 mm was used for this test. The slot was filled with the dielectric
material as shown in Fig. 6.10 and the simulated results are compared with
the simulated results for the single-slotted cone without dielectric load in
Fig. 6.11.
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Fig. 6.11 confirmed the theoretical expectation that the dielectric load would
increase the electrical length of the slot and shift the trap frequencies of the
double-slotted cone to lower values. A certain level of trap control may be
possible with the application of the dielectric load to the slot but an
extended study would be required to ascertain these effects on the

characteristics of the conical antenna.
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6.2 EXPERIMENTAL RESULTS AND DISCUSSIONS

Prototypes of some of the slotted-cone monopole antennas simulated in
Section 6.1 were fabricated and the measured results are presented and
discussed in this Section. The purpose of these measurements is to validate
the simulated results obtained in Section 6.1. The antennas were built using
solid copper with the same specifications used for the fabrication of the
plain cone discussed in Section 5.3. This was to allow for easy comparison
of the cone performances before and after incorporating the slot. Three

variants of the slotted-cone antenna prototype were fabricated.

The width of all the slots was chosen to be 3 mm. This choice was based on
results obtained in Section 6.1.3, which showed that the occurrence of an
anti-resonant frequency became more evident with slots of widths > 3 mm.
The choice of 3 mm was also considered over the 1.5 mm width to facilitate
easy and more accurate machining of the slot without compromising the

resonance of the slotted antennas.

The first annular slot was cut 7.5 mm deep at 26.25 mm cone-height
(slotted-cone antenna 1, see Fig. 6.12). The second slot was cut 15 mm deep
at the same cone-height as the first (slotted-cone antenna 2, see Fig. 6.14).
This example was used to evaluate the impact of varying the slot depth on
the performance of the cone antenna while keeping the slot-width constant.
There were two annular slots on the third cone (slotted-cone antenna 3, see
Fig. 6.15). The first slot on slotted-cone antenna 3 was 15 mm deep
positioned at 26.25 mm cone-height while the second slot was 7.5 mm deep

and it was positioned at 18.75 mm cone height.

The measurement setting applied in Section 5.3 was adopted for all the
measurements. The S;; parameters were measured using the Anritsu

37397D VNA analyser calibrated to measure up to 12 GHz frequency.
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6.2.1 SLOTTED-CONE ANTENNA 1

The measured results of the prototype antenna with annular slot of 7.5 mm
deep at 26.25 mm cone-height is presented and discussed here. The picture
of the fabricated cone with the slot machined into it is shown in Fig. 6.12
and the measured S;; parameter of the prototype plain cone antenna
discussed in Section 5.3 is compared to that of the slotted cone antenna 1 in
Fig. 6.13.

As predicted in the simulation results, for slot cone with s; = 7.5 mm, the
measured result presented a trap between 6.04 - 8.68 GHz with Si;
above —6 dB. The slotted-cone and the plain cone have similar operating
frequency patterns but effect of the slot can be seen on the bandwidth of the
antenna’s radiation frequencies. There was another trap at 3.60 - 6.04 GHz
in the measured result which was not predicted by either the analytical or

the simulation method.

Fig. 6.12: Prototype cone with sq = 7.5 mm and hs = 26.25 mm.

177



Modelling of the Slotted Cone

1ot

-5

=20

25

-30

Rellection Coellicient, ST1(dB)

plain cone

= = = cone with 7.5 mm deep slot
T T T T T

I I |
u] 1 2 3 4 5 (] 7 8 9 10 11 12
Frequency (GHz)

Fig. 6.13: Comparison of the measured Sy; for plain cone (—) and cone with
slot (- - -): s¢=7.5mm and hs = 26.25 mm.

The trap divides the wide bandwidth of the plain cone antenna creating three
narrower bandwidths with the application of the 7.5 mm deep slot. It was
observed that the slot also has some effect on the matching of the antenna.
Although still very good at S;; < 15 dB, the antenna impedance matches at
the first two radiating frequencies were not as good as those obtained for the
plain cone antenna. It did, however, improve the match for the much higher

third radiation frequency.
6.2.2 SLOTTED-CONE ANTENNA 2

The measured results of the prototype antenna with an annular slot of s; =
15 mm and hg = 26.25 mm are presented and discussed here. The picture of
the fabricated slotted-cone is shown in Fig. 6.14, similar to the slotted cone
antenna 1 discussed in Section 6.2.1 except for the difference in the slot-
depth. The S;; of the prototype plain cone antenna and the slotted-cone

antenna 2 are compared in Fig. 6.15.
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Fig. 6.15: Comparison of the measured S;; for plain cone (—) and cone with
slot (-*-): s¢= 15 mm and hg = 26.25 mm.

In line with the simulated result shown in Fig. 6.5 for the 15 mm deep slot,
there was a clear anti-resonant frequency between 3.06 - 3.91 GHz. This
means that, as with the slotted cone measured in Section 6.1.2, the antenna

demonstrated a stopband. The frequency ranges affected in this case were
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lower compared with those affected by the 7.5 mm slot in Section 6.2.1.
These results confirm the conclusion drawn from the simulations: the
frequency range affected by the slot is predominantly related to the depth of
the slot(s). If this property is explored, the antenna can be customised to
preferentially radiate or receive signals at a given frequency band while
suppressing others. This could be a useful tool to be harnessed in frequency
selection or for prevention of interference where antennas operating within a
common band are being used for different purposes in the same

environment.

Like the 7.5 mm deep slot, the presence of the slot produced three distinct
bands in the measured S;; parameter plot: 1.59 - 3.05 GHz, 3.92 - 6.03 GHz
and 7.73 - 12 GHz. The bandwidth of the fundamental resonant frequency
became narrower compared to that of the cone without slot but it displayed
wider band in comparison to the 7.5 mm deep slotted-cone especially at the
two higher resonant frequencies. It was also observed that the 15 mm deep
slotted-cone antenna has better match for the first two bands compared to
the slotted cone with 7.5 mm depth.

As predicted in the simulations, the cone with the 15 mm deep slot was
observed to display a trap with bandwidth starting from a lower frequency
compared to both the plain cone and the cone with 7.5 mm deep slot. This
shift in the operating frequency was not very significant with the relatively
shallow slot of the slotted-cone antenna 1, meaning the shift is relative to
the depth of the slot. This implies that the electrical length of the antenna
became longer with the input of these slots as theoretically expected and the
level of impact is relative to the depth of the slot. These results show that a
solid cone antenna can be miniaturised by cutting slots of strategically
calculated depth into the body of the cone. There are other variables that
could affect this result such as the width of the slot on the characteristics of

the antenna but keeping the slot location and the s, constant and varying the
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sq4 in Section 6.1.3 has shown that the depth of the slot plays a significant

role in the behaviour of the slotted cone antenna.

Cutting of a slot in the cone is also advantageous in reducing the weight of
the antenna. Solid cone antennas are generally known for their weight and
cutting slots into the cone would not only increase the antenna’s electrical
length but it will also reduce the weight of the antenna by the volume of the
material removed to form the slot. These results show that, with effective
placement and well calculated depth, a slot can be used to modify the

antenna bandwidth for different applications.
6.2.3 SLOTTED-CONE ANTENNA 3

For this antenna, there are two annular slots on the cone. The picture of the
fabricated cone showing the position of the slots on the cone is shown in Fig.
6.16. The S;; of the prototype plain cone antenna and the slotted cone

antenna 3 are compared in Fig. 6.17.

Fig. 6.16: Prototype cone with 2 slots: sq =15 mm at hs = 26.25 mm and sq
=7.5mm at hg = 18.75 mm.
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Fig. 6.17: Comparison of the measured S;; for plain cone (—) and cone with

double slots (- -).

The measured result shown in Fig. 6.17 agreed with the simulated result
obtained in Section 6.1.4 (see Fig. 6.9). There are two anti-resonant
frequencies associated with each of the two slots between 3.10 - 4.03 GHz
and 5.18 - 6.57 GHz. This means that multiple stopbands can be created by
the use of multiple slots. The fundamental frequency of the measured result
shifted to a lower value confirming the increase in the electrical length of
the antenna with the presence of the two slots as theoretically expected, and

as predicted by the simulated results.

To further check the effect of multiple slots on the performance of the
conical monopole, the resonance of double-slotted cone was compared with
resonances of the plain cone and the single-slotted cones (slotted cone

antenna land 2) as shown in Fig. 6.18.
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It was observed from Fig. 6.17 that unlike the single-slotted cone that
produced three frequency bands, the double-slotted cone produced four
frequency bands at: 1.18 - 3.09 GHz, 4.05 - 5.09 GHz, 6.66 - 9.19 GHz and
10.77 - 12 GHz. The antenna match for all the bands was fairly maintained
at the same level with the match of the original cone. These results show
that with effective placement and well calculated depth, a slot can be used to

manipulate the width of an antenna bandwidth.
6.2.4 DIELECTRIC LOADED SLOTTED-CONE ANTENNAS

The slots were loaded with dielectric material of &, = 2.5. The dielectric
material was printed from polyamide material (¢, = 2.4 - 2.7) using a 3D
printer. The effective ¢, of the dielectric material is likely lower than the
specified value because the printed material had some air trapped in it
during the printing process, which could not be quantified. The measured
results for the dielectric loaded single- and double-slotted cones are
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presented in Fig. 6.19 and 6.20 respectively. In line with the theoretical
expectation, the trap frequencies were shifted to lower values as a result of
the dielectric loading. The effect was more pronounced in the loaded
double-slotted cone result than in the loaded single-slotted cone. It is
important to note that the dielectric load also brought about a reduction in
the bandwidth of the antenna compared to the slotted-cone without

dielectric load.
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Fig. 6. 19: Comparison of the measured S;; for plain, unloaded and loaded

slotted cones (Sq = 15 mm at hg = 26.25 mm).
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- -) and loaded (-+-) double slots cones ( sq = 7.5 mm at hs = 18.75 mm and

Sq = 15 mm at hg = 26.25 mm).
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6.3 CONCLUSIONS

The concept of adding slots to a solid cone antenna has been described in
this Chapter. The addition of the slot to the cone produced anti-resonances
as theoretically predicted. Parametric studies on the effects of slot
parameters such as its position, depth, width and permittivity (dielectric
loading) on the performance of the solid cone antenna was carried out. The
anti-resonant frequencies produced by the slots varied inversely
proportional with the depth of the slots such that deeper slots produced anti-
resonance at lower frequencies while the relatively shallow slot produced
anti-resonance at higher frequencies. Increase in the slot-width was found to
widen the bandwidth of the stopband created by the anti-resonant
frequencies. The application of double slots to the cone produced a wider
stopband and the widths of the two slots were found to be cumulative in
their relationship. Dielectric loading of the slots produced a little shift in the
operating frequency of the antenna but further research is required to fully
quantify the effect of the slot-loading on the general characteristics of the
antenna. The prototype antennas were fabricated and measured to verify the
simulated results and agreement between the measured results and the

simulated is good.

These features displayed by the slotted-cone antennas can be used as a tool
for adjusting the operation bandwidth of a cone antenna and to reject a band

of unwanted frequencies.
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CHAPTER 7

CONCLUSIONS

The aim of this thesis was to develop efficient technique for modelling of
axisymmetric radiating structures using a numerical method. The TLM
technique was chosen because of its many attractive features. A short
review of the fundamentals of TLM including a brief history of TLM and an
introduction to the analogies of TLM to Maxwell’s equations in rectangular
and cylindrical coordinates was presented. The outcome of this research is
the development of a 3D modelling tool for axisymmetric radiating
structures such as cylindrical dipoles, cylindrical monopoles, conical
monopoles and slotted cone antennas. The model was validated by
fabricated prototypes of the simulated antennas as well as by comparison
with analytical models and a commercial rectilinear TLM solver (CST)
where appropriate. This Chapter summarises the contribution of this

research and suggests areas for future research.
7.1 Contributions of the Thesis

e An electromagnetic solver was developed for this research based on
the TLM algorithm written in MATLAB. The solver was termed

Transmission Line Solver, TLS.

e Canonical problems with known theoretical solutions were simulated
with the intention to validate the rectangular part of the developed

code (TLS). Reports of the electromagnetic simulation of some
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canonical problems using 2D shunt TLM mesh and 3D symmetrical
condensed node were presented and compared to that of the
analytical results for validation purposes. The simulation results
obtained from an existing modelling tool, CST, are also presented
for the validation of newly developed solver. The effect of stair-
cased approximation on curved boundaries when modelling with

rectangular TLM mesh is highlighted.

The fundamentals of cylindrical TLM were presented and the
relationship of the cylindrical TLM and to the Maxwell’s equations
was discussed. The implementation of the cylindrical TLM
algorithm was described and the simulated results for benchmarked
microwave problems solved with cylindrical mesh were presented
and discussed. The quantitative comparison of the cylindrical and
the rectangular TLM mesh was also presented along with the
improvement obtained by modelling the curved boundaries using

cylindrical mesh instead of the rectangular mesh.

The application of the cylindrical TLM to the modelling of
axisymmetric radiating structures was described. A brief review of
cylindrical dipole, cylindrical monopole and conical monopole
antennas and description of the modelling procedures for the
simulated of the three antennas using TLS were presented. The
simulated results were compared with the measured results of
fabricated prototype cylindrical and conical monopole antennas and

were found to be in good agreement.

The modelling of axisymmetric conical antennas with incorporated
slots was described. The solid cone monopole with slot cut into the
body of the cone at strategically calculated locations were simulated

and the parametric studies to determine the effects of the slot-
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position, slot-width, slot-depth and multiple slots on the performance
on the antenna was conducted. In addition, the effects of loading the
slotted antennas, by filling the slots with dielectric material of
known permittivity value, on the radiation characteristics of the

antennas were investigated and reported in this Chapter.

7.2 Suggestions for Further Research

A Dirac impulse function was used for the excitation for all
simulations reported in this thesis. It is well known that the Fourier
Transform of a Dirac impulse function is a wideband response
ranging from 0 - co. This brings some spurious modes into the
simulated results and some of these resonances have very high
amplitude that dwarfs the desired resonances to be extracted from
the problem space. There are different approaches to dealing with
this problem. One of such approaches is to use a controlled input
such as cosine, sinusoidal or Gaussian input. Another approach is to
filter either the input or output with a low pass or bandlimited filter.
Exploring the best approach to extracting simulated data from the
simulation space would be part of the work that will be done to

enhance the solver.

Calculation of parameters such as radiation pattern, s-parameter,

gain and antenna effectiveness would be focus of future work.

The visualisation of results at the moment is limited. The impacts of
different modifications on the antenna such as effect of the slot load
on the antenna performance are better relayed in terms of
visualisation of the result. These are possible addition to the code in

the near future.
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The boundary used in terminating the simulation space edge for the
antenna simulating edge was a simple absorbing boundary with a
reflection coefficient of 0. Addition of a PML absorbing boundary to
the model will enhance the effectiveness of the boundary. Further
study on the centre boundary of the cylindrical mesh for radiating

structures is also essential.

An extended parameter studies on the slotted cones could give a lot

of useful data.

Creation of a user interface for the solver. This will make it easier
for individual with little or no understanding of the code to use it

easily and makes it accessible to the general public.
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