ABSTRACT

The proliferation of mobile communications technology increases the
demands for faster and more robust services, in addition to the ever decreasing
sizes of antennas. These demands can be satisfied using circularly polarized (CP)
dielectric resonator antennas (DRAs) exhibiting wide operational bandwidth
capability. By utilizing such antennas, the probability of linking the transmitted and
received signals is higher, and the system is more reliable since the CP wave is
transmitted in all planes and less susceptible to unwanted reflections and
absorptions. As CP system is insensitive to the transmitter and receiver
orientation, the time consuming practice of continuously aligning the antennas can
be avoided. Furthermore, the antennas profile can be reduced simply by using
dielectric material with higher permittivity.

The thesis focuses on the design and analysis of singly-fed regular-shaped
DRAs with a wideband circular polarization. Two new single-point excitation
schemes that can be easily used to excite an arbitrarily shaped DRA are
introduced, where a square spiral and a rectangular open half-loop are used for
DRA excitation. These proposed feeding methods are based on employing
conformal conducting metal strips that are placed on the DRA surface.
Additionally, two different approaches are employed onto the DRA design to
enhance the CP bandwidth. The first approach is based on using a multilayer
dielectric, and the second introduces a parasitic half-loop inside the feeding
element. The generated broad CP bands have been achieved in conjunction with
sufficient impedance matching bandwidths. The studied geometries have been

modeled using a comprehensive self developed MoM code that employs the



volume surface integral equation (VSIE). The computed results have been
validated against those obtained from measurements as well as CST microwave
studio simulations. Theoretical and experimental results demonstrate a several

folds enhancement in the CP bandwidths compared to those reported in the

literature for identical DRA geometries.
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CHAPTER 1

INTRODUCTION

1.1 Background

Compact and highly efficient antennas exhibiting wide operational
bandwidth capability are becoming increasingly popular for current research
activity in the wireless communication technology. Dielectric resonator antenna
(DRA) remains one of the most attractive candidates for such requirements. The

size of the antenna can be minimized simply by increasing the dielectric constant,
¢, of the material [1] since the dimensions of the DRA are proportional to 4, /\/5_
where A, is the free-space wavelength. Additionally, very high radiation efficiency

(>98%) can be achieved using DRA, even at millimetre-wave frequency operation,
by selecting a low-loss dielectric material. This results from the absence of
conductor losses and surface waves associated with the antenna [2]. Surface

waves are EM waves that propagate along an interface between two different
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media. Strong excitation of surface waves, such as in microstrip antenna design,
is undesirable since power launched into the surface waves is power which will
eventually be lost.

Furthermore, a DRA has a wider impedance bandwidth compared to other
antenna types such as a microstrip antenna. This is mainly due to the fact that the
waves radiate through the entire DRA surface, except for the ground, in contrast
with the limited radiation of waves through two narrow edges of the patch in a
microstrip antenna [3]. DRA also offers high design flexibility since its resonance
frequency, excited modes and radiation characteristics are dependent on the
antenna’s aspect ratio, dielectric constant and coupling mechanism. Additionally,
the required design specifications can be accomplished when a DRA is employed
owing to the availability of dielectric materials offering a wide range of electrical
permittivities, and the existence of several feeding mechanisms including slots,
microstrip lines and probes.

The studies of dielectric resonator as antenna (instead of energy storage
devices) began in early 1980s with investigations of the characteristics of basic
DRA shapes such as hemispherical, cylindrical and rectangular geometries that
have been conducted by Long, McAlister and Shen [4-6]. Since this breakthrough,
researchers have investigated numerous DRA feeding mechanisms, and applied
various analytical or numerical techniques to calculate the antenna’s resonance
frequency and operating bandwidth. Much of these works have been summarized
in a review paper by Mongia and Bhartia [7]. Recently, the emphasis of
researchers in this field has been on designing a CP DRA and enhancing its
impedance matching bandwidth performance. This research adopts similar trend

with additional aims and objectives outlined in the next section.
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1.2 Aims and Objectives

The research is conducted with the aim of designing a wideband CP DRA
using a single-point feeding system. Additionally, the antenna should offer a
sufficient impedance matching bandwidth at the same frequency range of the
achieved circular polarization. Several objectives must be satisfied in order to
achieve these aims.

The first is to create a new single-point excitation schemes that can be easily
applied to an arbitrarily shaped DRA. In this research, two variations of conformal
conducting metal strips excitation are introduced, namely square spiral strip and
rectangular open half-loop strip. The second objective is to develop a rigorous
Computational Electromagnetics (CEM) model to simulate the electromagnetic
fields interaction between the DRAs fed by the conformal conducting strip and its
surrounding environment. For this purpose, the Method of Moments (MoM) has
been chosen in conjunction with specialized basis functions as discussed in
chapter 2.

The next objective is to build the prototypes of the singly-fed DRAs. Prior to
production, near-field and far-field properties, such as S11 and axial ratio, should
be optimized through simulation. Then, the performances of these DRAs are to be
measured using a vector network analyzer.

Finally, the obtained experimental results are compared with the predicted
results. In depth analysis and discussions of these results are presented in the

thesis.
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1.3 Circularly Polarized DRA

Initially, investigation of DRAs as wireless communication devices was
mainly concentrated on those producing linearly polarized (LP) waves since they
are easier to design than CP DRAs. However with the rapid advancement of
satellite communications technology, more attention has been paid to the latter
due to its known advantages.

The CP system is favoured over its LP counterpart owing to its insensitivity
to the transmitter and receiver orientation. The probability of linking the transmitted
CP wave is higher since it radiates in the horizontal, vertical as well as any plane
in between. In contrast, LP wave is capable of radiating in one plane only, which
is particularly problematic in space-borne applications. Based on Faraday’s law,
time varying magnetic flux induced electric field with rotation. Since ionosphere
(85km to 600km altitude) consists of magnetized plasma with free electrons due to
solar radiation, the polarization of EM waves passing through this layer will be
rotated. To compensate for this effect, the receiver antenna should be aligned
continuously which can be time consuming as this alignment must be precise.

Additionally, a CP wave that is transmitting in all planes is less susceptible
to unwanted reflection and absorption. This effectively eliminates multi-path
problems which occur when an antenna receives the primary and reflected waves
at approximately the same time, creating an out-of-phase problem which can
cause dead-spots and reduce the system’s overall performance.

In recent years, tremendous research efforts have been spent on designing
CP DRAs of various shapes. Much of these works will be summarized and

categorized in section 1.3.2.
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1.3.1 Theory of Circular Polarization

It is crucial to understand the wave polarization theory when designing a
CP antenna. Polarization is defined as the orientation of electric field vector, E

during the wave propagation. E is perpendicular to both magnetic field vector, H

and the direction of the travelling wave. To illustrate the polarization of an
electromagnetic wave, consider a z-directed plane wave where the E field has

components in both x and y direction. The time-harmonic £ at z=0 is

represented by
E=E, cos(a)t+¢5x)fc+Ey cos(a)t+¢y)j/ (1-1)

When the phase of these two E components are identical (¢, =¢,=4¢,), its

amplitude,‘E‘ , and angular orientation, ¥ , with regard to y-axis are given by

B = J(E? + E?)cos(wr + ¢,) (1-2)

E
Y= arctan(E—yj (1-3)

X

In this case, the wave is said to be LP since ¥ has no time dependence and

hence the field vector traces out as a straight line over time. On the other hand,

when the magnitudes of the E components are equal (E, = E,=E, )andthereis a

7 /2 difference in the phase components, the ‘E‘ and ¥ are given by

- J[[E cofor8,+2 )] + (5 color v, ))z} &, (1-4)
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Y = arctan

V4
+ =
Eo Cos(a)t o, 2 ) (i sin(wt + ¢y)
= arctan

E, cos(a)t + ¢y) cosot + 9, ) J =4, ol (1-5)

This means the field vector is travelling with constant amplitude that rotates either
in a clockwise, or an anticlockwise, direction. As a result, the vector traces out as

a circle with time and thus the wave is said to be CP. Most of the time, the wave is

elliptically polarized, for which the amplitude and orientation of £ changes with
time, tracing out an ellipse. In order to quantify the type of polarization, the axial
ratio (AR) is used, which is defined as the ratio of the major to minor axes of this

ellipse and usually expressed in decibels as

E
AR =20log| —mex 1-6
Og(E J (1-6)

min

where £, andE,, represent the magnitude of the minimum and maximumEk

respectively. The wave is said to be CP when AR is less or equal to 3dB.
Equations (1-4) and (1-5) show that circular polarization can be created
using an antenna capable of producing two spatially orthogonal LP waves that
have equal magnitudes and in phase quadrature, i.e. with az /2 difference in the
phase components. Therefore, CP DRA can be designed simply by applying two-
point quadrature feeds on a DRA which is capable of supporting two orthogonal
degenerate modes, i.e. modes that have the same resonance frequency. This
dual-point feeding method typically yields a wide AR bandwidth that exceeds 10%.
However, this approach has the disadvantages of increasing the complexity and
size of the feed network considerably. Alternatively, CP DRA can be created using

a single—point feeding system as described in section 1.3.2.2
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1.3.2 Review of Circularly Polarized DRA

1.3.2.1 Dual-Point Feeding System

For the generation of two spatially orthogonal LP waves that are in phase
quadrature and have equal amplitudes, the DRAs must have the capability of
supporting two orthogonal degenerate modes. This requirement is satisfied by
DRAs which exhibit symmetry along the x and y axes such as rectangular, ring,

and cylindrical DRAs shown in Figure 1.1.

DRA Feed Point

X Ground

Figure 1.1: Top view of several DRAs which are capable of generating CP wave

These DRAs radiate CP waves when excited by two identical feeds placed
on orthogonal DRA sides. The feeds must have signals of equal amplitudes and
being in phase quadrature to each other. Typically, a power divider network such
as a T-junction splitter and a hybrid coupler is used in order to obtain such feed
excitation. The most popular shape used for dual-point feed CP DRA is cylindrical.

Drossos et al [8] have reported a 20% 3dB AR bandwidth for a probe-fed DRA,
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which has a relative permittivity of =37, using a microstrip quadrature hybrid feed
network. A dual conformal strip-fed DRA, with £&=9.5, has been designed using a
microstrip hybrid coupler network [9], achieving a 20% CP bandwidth. In [10],
underlaid hybrid couplers were used to provide the required excitation for the two
flat strips that are printed on the surface of an &=9.5 cylindrical DRA, with a 3dB
AR bandwidth of 25.9%. A simpler design using a T-junction splitter has been
proposed for a strip-fed DRA with a narrower AR bandwidth of 3.5% [11]. For a
cylindrical ring, a 2dB AR bandwidth of 11% was reported in [12] for a probe-fed
DRA(g, :36.2) using a quadrature coupler. Additionally, several examples of dual-
point feed CP rectangular DRA have been published in literature. For example, a

conformal strip-fed DRA (5,, :12) was designed in [13] using hybrid coupler

network, achieving a 3dB AR bandwidth of 35%. When used in conjunction with

underlaid hybrid couplers, 27.7% and 33.8% 3dB AR bandwidths have been
reported for strip-fed and hollow rectangular DRAs (g, :10), respectively [14] [15].

In all of the studies, the generated broad CP bands have been achieved in
conjunction with sufficient impedance matching bandwidths.

Although wide AR bandwidths of >10% have been obtained in most cases,
there are several major disadvantages of using the dual-point feeding system. For
instance, incorporating an additional power divider network significantly increases
the antenna’s size. Furthermore, antenna designers should take into account the
coupling effect between the two feeds. If the mutual coupling between the feeds is
significant, the field components will be disturbed, and hence cause reduction in
the resultant AR bandwidth. Therefore, it is important to establish a high isolation

between the two feed ports in order to avoid degradation in the AR performance.
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1.3.2.2 Single-Point Feeding System

A single-point feeding system is proven to be more attractive option for most
researchers. Although the AR bandwidth of this system is usually less than that of
a dual feed system, this method does not require complex feeding network and
offers a smaller overall antenna profile. Additionally, it is easier to incorporate a
single-point feeding system in an array environment. Several methods of
generating CP waves from basic-shaped DRAs have been reported in literature.

A well-known procedure to design a singly-fed CP DRA is to introduce
some modifications to the DRA geometry. The first reported singly-fed CP DRA is
the chamfered DRA, which replicates a shape used in existing CP microstrip patch

antenna technology. In such approach, two opposite corners of a square

rectangular DRA have been truncated by cross-sectional areas of g/2 as

illustrated in Figure 1.2. A probe-fed chamfered DRA(gr :38) has demonstrated a
3dB AR of 1.3% as reported in [16]. Another approach that has been borrowed
from a concept used in the design of microstrip patches is the quasi square DRA
[17-20], where a cross-sectional area of g x w is added on one side of a square
DRA. The DRA can be fed either by an aperture placed near the centre or by a
probe positioned along the diagonal surface as shown in Figure 1.3. An example
of such a design for an aperture-fed DRA(g,, :40) has reported a 2% 3dB AR
bandwidth [17]. In both cases, the perturbation of one of the DRA’s dimensions
has caused the resonance of the two orthogonal modes to be separated such that
their difference in phase response is 7/2, hence making the DRA capable of
generating the required CP wave. Additionally, analyses on a cross-shaped DRA

have revealed its capability of producing two spatially orthogonal LP waves which
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are necessary for a CP system. A 3dB AR bandwidth of approximately 4% was
reported in [21] for an aperture-fed cross DRA (g, =10.8). Geometrical modification
has also been applied to cylindrical DRA, as reported in [22] where a conformal

strip-fed circular sector DRA(Sr = 12) has demonstrated a 3dB AR of 10%.

Probe feed g

X
A
: |
v

w

Figure 1.2: Top view of chamfered DRA

Aperture feed Probe feed

|
|
|
|
|
|
|
|
Microstrip line —n'»
|
|

Figure 1.3: Top view of quasi square DRA fed by probe and aperture
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Alternatively, modifications can to be done to the feed itself rather than the
DRA’s geometry. Huang et al [23] employed a cross-shaped slot fed with a
microstrip line as shown in Figure 1.4 to generate CP waves from a cylindrical
DRA. The desired 7/2 phase difference between the degenerate modes has

been achieved simply by manipulating the cross’s arms lengths, /, and /,. A 3dB

AR bandwidth of 3.91% was reported in [23] for a cylindrical DRA (g, =79) using

this feeding configuration.

Cross-shaped slot

Microstrip line

X

Figure 1.4: Top view of cylindrical DRA fed by cross-shaped slot

Furthermore, other special-shaped slots have been employed in the design
of CP DRAs such as U-shaped slot for cylindrical DRA(e, =16) excitation [24],
achieving a 2.4% 3dB AR bandwidth, and a tabbed annular slot used in [25] for a
cylindrical DRA(sr :9.5) which produced a 3dB AR bandwidth of 3.4%. Although

these slot excitations can be applied to various shapes DRA, it has the

disadvantage of producing a high backlobe radiation which degrades the
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antenna’s performance. To suppress this unwanted radiation, a metallic cavity is
used underneath the slot. Alternative feed modification methods have been

reported in literature such as employing a U-shaped conformal strip [26] which

reported a 3dB AR bandwidth of 2.3% for rectangular DRA (5, =30), and a
conformal spiral wire used for a hemispherical DRA (8, =9.5) excitation which

provided a 3.9% 3dB AR bandwidth [27].

An alternative way of generating a CP system is through the use of a
parasitic element in the configuration. As a result, the tasks of generating circular
polarization and impedance matching can be conveniently separated. Here, the
parasitic element can be manipulated to obtain a wide AR bandwidth while the
feed is independently adjusted to achieve an input match. As an example, two
pairs of rectangular slots and a circular loop slot have been used as parasitic
elements in [28] and [29], respectively, generating 3dB AR bandwidth of up to
2.7%. Alternative to parasitic slot, parasitic strips have been employed for a probe-
fed DRA [30], a slot-fed DRA [31], a microstrip-fed DRA [32], and a conformal
strip-fed DRA [33-35], where the reported 3dB AR bandwidths range between 1%
and 3%. In those designs, the usage of a parasitic element has resulted in
perturbation of one of the degenerate modes causing CP radiation.

In addition to the basic-shaped DRAs, some researchers have used
complex-shaped DRAs to obtain an enhanced AR bandwidth for a single-point
feed system. An aperture-fed stair-shaped DRA(er :12) was designed in [36] as
shown in Figure 1.5, achieving a CP bandwidth 0f10.6%. In a recent study, a

trapezoidal DRA(er:9.4) fed by a rectangular slot has been proposed as

illustrated in Figure 1.6, which produced a 3dB AR bandwidth of 21.5% [37].
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Slot

Substrate

Figure 1.5: Top view and side view of aperture-fed stair-shaped DRA aperture

Microstrip

X

Substrate

Figure 1.6: Aperture-fed trapezoidal DRA
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Other irregular-shaped CP DRAs include a probe-fed elliptical DRA [38]
which produced a 3.5% CP bandwidth. Unlike basic-shaped DRA, this DRA has
the ability of generating several broadside radiating modes with close resonance
frequencies, which results in a wider AR bandwidth. Although this is very desirable
approach, a designer should take into account the high cost involved since these
complex DRAs geometries are not readily available commercially. Also, the
modelling of these complex geometries takes significantly longer computational
time. Therefore, a flexible single-point feeding method that can be used to
generate a wideband CP radiation from DRAs with regular geometries is needed.
Such a feeding mechanism has not been reported in the published literature, and

it represents the main aim of the work presented in this thesis.

1.4 Method of Analysis

The design and modelling of antenna plays a vital part in the wireless
communication system. This important stage requires engineers and researchers
to command a good understanding of electromagnetic field theory commonly
referred to as EM. This theory is governed by Maxwell’s equations, which contain
a set of six fundamental partial differentiation equations that describes the
interrelationship between electric and magnetic field, and relate them to their
sources; current and charge density. EM modelling can be carried out either
analytically or numerically. However, analytical solutions in closed form are known
for limited number of cases only, involving simple structures which are hardly

applicable in modern electromagnetic devices and systems. For complex
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structures, the inability to derive closed form solutions of Maxwell's equations is
solved by using computational numerical techniques.

The process of numerically modelling electromagnetic fields interactions
with physical objects and the surrounding environment is called Computational
electromagnetics (CEM). Typical modern computers have the capability of
handling complex computation in relatively short time. This makes CEM stand out
as an important tool in the design and modelling stages of antennas and other
communication systems. Generally, in CEM, relevant Maxwell’s equations are
converted into chain or matrix equations which can be solved either by matrix
inversion or by iteration.

It is highly beneficial for antenna designers using CEM to have a general
understanding of the wide selection of methods available for the solution of
electromagnetics problems, so that a well-informed choice can be made. With the
correct application of the selected CEM method, the computation resources
needed for designing an antenna can be optimized. As a result, the design and
modelling stage is made faster and cheaper since the use of time consuming and
costly antenna prototypes is minimized.

Modelling that yields accurate predictions requires full-wave analysis which
considers all the relevant wave mechanism. To date, there are many full-wave EM
methods that can be applied to model typical antenna structures. In general, these
methods can be categorized into two types depending on their solution; either by
differential equation (DE) or by integral equation (IE). During the pre-computer era,
most research in CEM had taken place in the frequency-domain (FD) for which the
time-harmonic behaviour is assumed despite the fact that the Maxwell equations

are often first encountered in the time-domain (TD), where time is assumed to be
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an independent variable. This is mainly because the FD approach was more
tractable analytically, thus requiring less complex computation compared to a TD
approach. Also, the FD approach is favoured because most antennas’
measurement hardware at that time were largely confined to the FD system [39].
At the moment, the three major paradigms of CEM modelling are the
Method of Moments (MOM), Finite-Difference Time-Domain (FDTD) and Finite
Element Method (FEM). MOM is categorized as a Frequency-Domain Integral
Equation (FDIE) model, where Maxwell’s equations in integral form are discretized
in order to determine the unknown field sources; induced current and charge
density. Compared with other methods, MoM is very efficient for the treatment of
highly conducting surfaces as the discretization involves the current density only
and not the fields in the surrounding medium. Furthermore, solution process in
MoM takes a relatively short time. However, since this method involves the
solution of integral equation, the code implementation is harder compared to other
modelling methods. MOM will be described further in Chapter 2. Examples of
widely used MOM based software are FEKO [40], NEC [41] and WIPL-D Pro [42].
FDTD is classified as Time-Domain Differential Equation (TDDE) model. It
involves the discretization of Maxwell’s equations in a partial differential form using
field components or potentials as unknowns on a uniform Cartesian grid of points.
A major advantage of FDTD is the ability to obtain wideband data in one
simulation only since the computation is not restricted to a single frequency as
implemented in the FD approach. Generally, FDTD is efficient as it requires only
few operations per grid point and can be easily adapted to solve variety of
problems. However, FDTD is less efficient for the modelling of long, thin structures

such as wire. This is because solution requires the entire computational domain to
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be gridded, and since these grids must be small compared to the smallest
wavelength, excessively large computational domain can be developed, which
result in very long solution time. Examples of commercially available FDTD
simulator are Apsim FDTD [43] and Remcom XFDTD [44].

As is the case with the MoM, FEM is mostly applied in frequency domain. In
this case, FEM is classified as Frequency-Domain Differential Equation (FDDE).
Using this approach, Maxwell’'s equations are solved numerically by dividing the
region of interest into unstructured grids known as meshes. The complex
boundaries approximation is much better than in FDTD model and hence provides
more accurate results but the solution process require a larger memory size and
relatively time consuming. Two of commercial software using FEM model are
Ansoft HFSS [45] and Analyst STAAR [46].

Alternatively, other modelling methods such as Finite Integration Technique
(FIT) and Transmission Line Method (TLM) can be employed for the solution of
EM problems. In summary, these modelling methods have their own merits and
drawbacks. Several researchers managed to achieve a better performance by
combining this individual modelling method into a hybrid method. One such
example is a MoM-FDTD hybrid modelling method formulated by R.A.Abd-
Alhameed [47]. Additionally, a hybrid modelling method combining FDTD and
FEM is developed by Rylander and Bondeson in [48]

In summary, each of the DE and IE solution method has its own strengths and

weaknesses which are listed below [49, 50].

e DE method handles inhomogeneous, anisotropic or magneto-dielectric
materials relatively easy, while IE method handling of such materials requires a

high level of complexity.
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e The implementation code required for DE method is simpler compared to |E
method which requires solution of integral equation.

e In general, IE solutions are more accurate and efficient since the solution
space is only confined to the object and radiation condition is automatically
enforced by the Green’s function where as the solution space in DE method
take into account the object’s surrounding environment where the radiation
condition is not enforced which resulted in a certain anomalies. Additionally,
spurious solution caused by numerical instability, which exists in DE method, is
absent in the IE approach.

e With proper approximation, IE solution requires significantly shorter
computation time, since much of the solution is pre-processed using

fundamental electromagnetics theory and intensive mathematical modelling.

After evaluation of choices available, the modelling method selected for this
research is MOM. Although this requires harder implementation code, the result
obtained using MoM, which utilizes IE solution, is more accurate and efficient
compared with other modelling methods such as FIT. This has been verified by
comparing results from MoM and CST software with those obtained using
measurements. Furthermore, the time required for the modelling of DRA
configurations using MoM is shorter after appropriate approximation has been

applied as discussed in Chapter 2.
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1.5 Thesis Layout

Following this introduction, Chapter 2 provides details of the CEM modelling
method used in this research. The steps involved in the adopted MoM
computational method, in conjunction with specialized basis and testing functions
are described comprehensively. In Chapter 3, the first single-point excitation
scheme used in this research known as a square spiral strip is introduced. The
results for spiral strip-fed wideband CP rectangular DRA are discussed and
analyzed, together with its frequency tuning capability. In Chapter 4, the spiral
strip-fed excitation is applied onto cylindrical DRA. The limitations of this feeding
method are discussed in Chapter 5, which introduces an alternative simpler single-
point excitation scheme used in this research, known as a rectangular open half-
loop strip. This excitation is employed to basic-shaped DRAs, such as rectangular,
cylindrical and hemispherical geometries. In Chapter 6, a further bandwidth
enhancement method is proposed based on incorporating a parasitic half-loop in
the regular shaped DRA structures. Finally, Chapter 7 presents concluding

remarks, as well as recommendations for future work.
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CHAPTER 2

DEVELOPMENT OF THE METHOD

OF MOMENTS MODEL

2.1 Introduction

This chapter describes extensively the stages involved in the simulation of
DRAs using MoM. Categorized as Frequency-Domain Integral Equation (FDIE)
model, MoM has been one of the most widely used CEM model since the solution
procedure was introduced by R.F. Harrington [1] in 1968.

Using this approach, an integral equation describing the unknown induced
current and charge density is developed from the frequency-domain Maxwell’s
equations by applying the appropriate boundary conditions. To solve the Maxwell’s
equation, the integral equation is then sampled in space by applying suitable basis
and testing functions. A set of simultaneous equations relating these unknown

quantities, i.e. current and charge densities, with known quantities, such as
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radiated or scattered field, is then introduced and transformed into a matrix
equation. Solution of the matrix yields the current distribution, from which near-
field and far-field parameters such as input impedance, return losses, radiation
pattern, radar cross section, axial ratio, efficiency and gain can be calculated.
Mathematical representation of the MoM concept can be understood by

considering the following linear equation

L(F)=Y (2-1)
where | is the linear operator, Y is the excitation function and F is the unknown

response function to be determined. By expanding F into a set of known

expansion or basis functions (f,, f,.f5...) in the domain of | such that
F=Ya,f, (2-2)

where «, are the coefficients to be determined and using the linearity of L,

equation (2-2) can be expressed as

N

Y, Lf,)=Y (2-3)
n=l1

With the assumption that a suitable inner product <F, Y> has been determined by
defining a set of weighting or testing functions (w,,w,,w;....) in the range of L and

taking the inner product of equation (2-3) with each w, , the previous equation can

be expressed as

N

2., (W L) = (w,,,Y) (2-4)
n=1

for m=1,2,3,...N.
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This set of linear equations can then be presented in a matrix form as
[Lmn ][an ] = [Ym] (2_5)
Finally, the «, unknown coefficients are determined using a standard matrix

solution procedure.

MoM is capable of producing very accurate result if a suitable set of basis
and testing functions are chosen. In this research, the triangular-based Rao-
Wilton-Glisson (RWG) basis functions [2], are used to model the two dimensional
conducting surfaces, while the tetrahedral-based Schaubert-Wilton-Glisson (SWG)
basis functions [3] are employed to model three dimensional dielectric structures.
These basis functions are chosen because the triangular and tetrahedral patches
are capable of accurately conforming to any arbitrarily shaped surfaces and

volumes as noted in [4].
2.2 The RWG and SWG Basis Functions

A typical DRA structure consists of a metal surface and a dielectric volume.
Using RWG basis function, the metal surface is discretized into small triangular
patches defined in terms of appropriate faces, vertices, edges and boundary
edges. Each basis function is associated with a pair of adjacent triangles linked by
an interior edge and resembles a small spatial dipole with linear current
distribution. One of the triangles in each basis function is associated with a
positive charge, while the second triangle is associated with a negative charge.
The geometrical parameters of an RWG basis function at a common edge » are
shown in Figure 2.1 and as an example a spherical metal surface modelled by

triangular patches is illustrated in the inset.
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Figure 2.1: Geometrical parameters of an RWG basis function

The RWG basis function fns consists of two adjacent triangles, 7, and ¢, having

areas of 4 and A4, respectively, and sharing a common edge /, defined as [2]

L, i
. 2P ) et
1) = , o (2-6)
n_ s=(1 V' €t,
YR (')

and the surface divergence associated with each basis function is given by

Ly et
sz A;
Vo )=, ) (2-7)
_ln et
VE

where the position vector g’ (#')=7'—7" signifies a vector drawn from the free
vertex of triangle ' to a source point 7' on that triangle and g, (7)=7" -7 is a
vector drawn from a source point on triangle 7, towards the free vertex of the

same triangle. The RWG basis functions represent the surface current density, J o
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flowing on the metal. The component of current normal to the nth edge is constant
and continuous since the normal component of fns is equal to unity (i.e. ﬁ-ff =1).

At the boundary edges, there is no normal component of current and hence no line
charges exist along this boundary.

The dielectric structure is modelled by subdividing the volume into small
tetrahedrons on which the SWG basis functions are applied. Each basis function is
associated with a pair of adjacent tetrahedrons, linked by a common face. The
geometrical parameters of a basis function at the common edge n are shown in
Figure 2.2, and as an example a rectangular volume modelled by tetrahedrons is

illustrated in the inset.

Figure 2.2: Geometrical parameters of SWG basis function

The SWG basis functionf,,'/ consists of two adjacent tetrahedrons, 7 and7,

having areas of V,” and ¥V, respectively, and sharing a common face a, that is

defined as [3]
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a, —i(— ”—;r c Tn+
N (%)
£IE)=1 (2-8)
n_ 5 (7 el
=i )

and the divergence of each basis function is given by

s V_} ’?IET;
VoL E)=" (2-:9)
Na el

where the position vector p(#')=7'—7" signifies vector drawn from the free
vertex of tetrahedron 7 to a source point 7' on the same tetrahedron, while
p, (F)=7" -7 is the vector drawn from a source point on tetrahedron 7. towards
the free vertex of that tetrahedron. The SWG basis functions represent the volume
polarization current density, .7,,, or more precisely its intermediate quantity D, i.e.

flux density, throughout the dielectric volume. The normal component of flux
density to the nth face is constant and continuous. In the special case where the

nth face is located at the boundary of the dielectric volume, then only one of the

tetrahedrons, i.e. T or T, is interior to the volume. Thus the corresponding basis

function associated with nth face is only defined within7"or 7

Through the application of RWG and SWG basis functions, the MoM
integral equations are derived for pure metal, pure dielectric, and combined metal
dielectric structures. Detailed derivatives of the required equations for each

structure are presented in the next sections.



Chapter 2: Development of the Method of Moments Model 30

2.3 MoM Model for Metal Structures

For radiation problems, the “incident fieId”,E"(F) is defined as the applied
electric field at the antenna’s feed, while for scattering problem, it essentially
means the incoming electric field from impressed source. The term “scattered
field”, E*(¥) refers to field radiated by the antenna in the case of radiation problem
while for scattering problem, the interpretation is straightforward. The total electric

field, £(7), is given by the combination of these field components as

EF)=E'(F)+ E*(¥) (2-10)

Enforcing the boundary condition 7 x (E"(F)+ E"S(F))z 0 on a perfectly conducting

metal surface S results in E(7),, =0and hence the relationship between E'(7)

tan

and E*(7) reduces to

E'(F),, =—E'(F) (2-11)

tan tan

Based on derivation of Maxwell’s equations, using [5], E* (F) can be expressed in

terms of the surface current density,/,(¥'), and the free charges densities, p(7'),
on the metal surface, S, as

E*(F)=—jod,(F)-VD4(F) (2-12)
Substituting of equation (2-12) into (2-11) yields the following equation

E'(F)= jod,(F)+ VD (F) (2-
13)

where the magnetic vector potential,;ls(F), describes the radiation due to J,(F)

and expressed as



Chapter 2: Development of the Method of Moments Model 31

A,(F) = :’—; [ 7,67 (2-14)

The electric scalar potential, ®(7), refers to the radiation due to p (') and

defined as

®,(7) =—— [ p(F)G(F. ¥ )aF" (2-15)

dne,
In the above equations ¢, and p, represent the permittivity and permeability in

vacuum, respectively. The free space Green’s function, G(?,F’), is defined as

eifkoR
6(7.7)=" (2-16)

The time dependency exp(ja)t) has been assumed and the propagation constant

is k, =\ 1ye, =21/ 2,, where 4, is the free space wavelength. In the expression

of Green’s function, R=|F—z7'|, is the separation distance between the test, or

observation, point 7 and the source point 7

2.3.1 Application of the Testing Functions

Equation (2-13) can be sampled in space into triangular elements. Multiplication
by a testing function f,f(F) that covers the entire region of S, and integration over
S yields

jE )- 1,0 F)dr = joo [ 45(F)- 1 ( dr+Jvcl> (7)- 73 (7)ar (2-17)

S

According to Divergence theorem, the last term of equation (2-17) is given by
[VO,(7)- 75F)ar = [ @y Wi 73 G~ [ PNV - £2 () (2-18)
S L, S

where 7 is the unit normal vector.
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From the properties of RWG basis functions described in section 2.2, all edges in

¢, and ¢, are free of line charges, hence the first term on the right hand side

(RHS) of equation (2-18) will vanish, which simplifies equation (2-17) to

j E PP = jo j A7) £ 7 ) [0 (V- 72 (7 ) (2-19)
Sm

Substituting fnf (f) with equation (2-6), the first term on the RHS of equation

(2-19) becomes

+
m m ¢

[A0) RO =3 L [A0) 50+ [46)5.(hr (2-20)

An approximation to equations (2-19) and (2-20) is needed in order to reduce the

computational time. Such an approximation can be obtained using the assumption
that the average value of ZIS(F) over each triangle is given by the value of ;L (F)at

the triangle centroid. As a result, the surface integrals in equation (2-20) can be

eliminated and the equation is then simplified to

J F)- 1. (F) 12 s G ) e+ 4,50 ) i | (2-21)

Applying similar approximation to the last term in equation (2-19) yields

—jcb(f)(V-]ﬁf( 7 =1, jcp r——jcp
S (2-22)

=1, o)~ o)

The approximations in equations (2-20) and (2-21), which eliminate surface
integrals for the potentials quantities, are justified since the potentials are locally

smooth within each subdomain [6].
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2.3.2 Application of the Expansion Functions

The surface current density,js(F') can be expanded into a set of simultaneous

equations that employ the RWG basis functions in the form of

Ts(7)= 21,1, () (2-23)
where N,, is the total number of edges inside S. Application of the continuity
equation, V-J(F) = —jwp(F'), yields

p(F =——21g,, (v-7:5) (2-24)

Substitution of equation (2-23) into (2-14) and equation (2-24) into (2-15) gives a

set of equation for the potentials given by

Ay(F)= {j £5(7) F?’)d?'}]m (2-25)

- 1 &
D(F)=- Z{jv /)G, r)dr} (2-26)
The moment method matrix equation is then derived by substituting equations (2-
25) and (2-26) into (2-19)
SHo [ [ F3(5): 72 ()6 (7 ) ar
S,

JEG)-7o@dr=y = ) s} (2-
: — [ [V 22 G- 7. ot 7w e

27)

The above equation is usually represented in terms of its symbolic notation of

M= ZZMMI (2-28)

mn
n=l1
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where the voltage excitation V" is given by

O - 72 (o7

34

(2-29)

(2-30)

in which the superscripts M refer to a metallic structure. The solution of this

equation is obtained by expanding the RWG basis functions given by equation (2-

6). Applying the approximations in equations (2-20) to (2-22),

expressions of equation (2-30) can be simplified to

j j F35(F) £5(7)G(F, 7 )dr'dr

lm Z}” =+ [ =c+ =
Bbr t{pn (76,7

e t{,s,:(f')c;(w)df}-

and [[(v. 7@V 75 )67 )ardr

the integral

(2-32)
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Calculation of Z" can be made by naively computing the elements directly

for each index combination of edge m and edge n, i.e. edge-pair calculation.
However, this is extremely inefficient since the integral required for a combination
of m and n is also required for other combinations as well. To overcome this
problem, the integrals should be computed using face-pair calculation. Consider a

surface S that is discretized into N triangular patches i.e. t =1,2,3....N . Figure 2.3

illustrates the combination of source triangle, ¢ and observation triangle, ¢*

(p,g=12.3...N) together with the geometrical parameters after local indexing

scheme has been employed.

Figure 2.3: Local coordinates for ¢ with observation point at ¢”
A point inside a source triangle, 7’ with vertices 7,7 and 7 can be described by
: : 4 4, 4,
the normalized area coordinates [7] of¢ = F,n :F & :F where +n+¢& = 1

Applying this, any point inside the source triangle can be described as
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Fl= R+ R+ R (2-33)

- , . . = (= Loy .
The position vector p, used to define the basis function, f,(7')= ﬁpi(i’ ) inside

t, is given by
p,=2(r'=r)) L i=123 (2-34)
where 7, is the vertex opposite local edge i in {;. These definitions in terms of the

fixed vertices and area coordinates allow integrals over the source triangles to be

expressed using scalar integrals, in which a typical term for potentials due to

E(F’) in t; has the form of

) ! N
A,.Pq=%[2—1;q(2m”i(r —r,-)eRp dgd"]]

l' L= =1 = =1 = =1 = =1 q
=B (R + (3R + (3l g (2-35)
_ [(F'—f'jlp" + (- E) + (F'—?')I”q}
4 1- 13 H¢ 2 My 371
‘qu =$_47;i;g P (2-36)
0

where the scalar integrals are given by

I-n 11-n -5

17 = [G(7.7 dgan . 1,” = [ [¢G(.7 agan ,1," = | [nG(7.7* Jagan ~ (2-37)

) S———

Finally it should be noted that for radiation problems, the calculation of V" is

straightforward and can be implemented using a delta gap model. However, for
scattering problems, the voltage excitation is due to a plane wave incidence.

Therefore the incident field is given by

E'7)=(E,0,+E,g,) e (2-38)
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where the propagation vector, & is equal to
k = k(sin8, cosg, X +sinb, sing, y +cosf, ) (2-39)
and (éo,ngo) denotes the angle of arrival of the plane wave in terms of spherical

coordinate system.

2.4 MoM Model for Dielectric Structures

For a configuration that entirely consists of dielectric components, the EFIE
can be used in conjunction with the SWG basis functions to develop a moment
method matrix for the dielectric volume. For a purely dielectric object, only
scattering problem is considered. Unlike metal structure, the required derivations

are implemented in terms of an intermediate quantity called electric flux density,

D(F), since the boundary condition of a homogeneous dielectric structure is given
by

i-(B,(7)- B, (7)) = py (2-40)
where D,(7) corresponds to flux density inside the structure, D,(7) is the flux

density outside the structure, and ps refers to free charges on the surface of

dielectric volume. As E(7) is given by E(7)= D(¥)/&(7), equation (2-10) becomes

o
I~
S
N—

_ B(F)+ B () (2-41)

™
—~

N
N

Substituting £°(7) from equation (2.12) yields

5()=20) 4 j0i (7)+ Vo (7) (2-42)

é(F)
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where the volume vector potential,?lv(?), describes the radiation due to jV(F’),

and it is expressed as

= (=) _ Ho T (= = =1\ gy

A,(F)= —IJV(r G (7, 7')dr (2-43)
4 s,

On the other hand, the volume scalar potentiaI,CDS(F), describes the radiation due

to the volume bound and surface charges, p(?’) , and it is given by

®,(F)= ! p(F )G, 7' )dr! (2-44)

dne, sy,

The symbols in equation (2-43) and (2-44) carries the same meaning as described

previously in section 2.3.

2.4.1 Application of the Testing Functions

The required model is developed by using a testing function me(F) that covers the

entire dielectric region V. Then the multiplication of equation (2-42) by fnf(z_;) in

conjunction with an integration over V yields

S (F)r+ jo [ 4,(F)- £ (F)dF + [ (VO ,(F))- £,/ dr  (2-45)
Vo

According to Divergence theorem, the last term of equation (2-45) is given by

[voo, ) 7L F)dr = [@, (Wi 72 G- [©, G- 7L ) (2-46)

Vo 4, Vo

where A refers to the surface encircling the dielectric volume. Thus, equation

(2-45) becomes

(P + jo | 4,(F)- 7, (F)dr

(2-47)
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—V{an(?)(v-f N7+ [, F)a- 7L ()

4 M

Substituting me(F) with equation (2-8), the second term on the RHS of equation

(2-47) may be written as

| NN PN,
=2 [ A7) B+ = [ 4, (7)- 5, (P (2-48)
m 1 m

Once more, the numerical integration can be avoided by assuming the average
value of ZV(F) over each tetrahedron is given by the value of ZV(F) at the

tetrahedron centroid. Therefore, equation (2-48) can be reduced to

7 a Y =c+ = c+ = =Cc— = Cc—
[4,6)- 7 Gy =224, ) 5y + 4, () 51 ] (2-49)
Vo

Applying a similar approximation to the third term in equation (2-47) yields

—jcb ANV 7 (7)) =- jcb dr—V—jcb

Vo 12 " I (2-50)

=am[(DV(F”’)—(DV(F“)] for 7" and T €V

m m

It should be noted that if the common face m is located on A, where me(?) is
defined only within 7", the average value of (I)V(F) over the exterior tetrahedron is

assumed to be the value of dDV(?) at the centroid of the m-th face
- [0, (V-7 (P = a, {@(ﬁ:* + %pj -0 )} (2:51)

2.4.2 Application of the Expansion Functions

The volume polarization current density is given by [3]

T (F)= jel &)~ £, )E(F) (2-52)
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Substitution of E(7')= D(7')/£(F') into this equation yields

JV@'):jw(”‘(’:)—:“fo]ﬁ(f')
8(r')
| —
x(7) (2-53)
= jox(F)D(F')
where the contrast ratio, K(?’), takes into account all discontinuities in the normal

component of J,(F') at the media interfaces. Furthermore, D(7'), can be

expanded into a set of simultaneous equations that consist of the SWG basis

function in the form of

— ND —

D(")=3.D,1, (7 (2-54)
n=l1

where N, is the total number of faces throughout the dielectric structure. By

substituting equation (2-54) into (2-53), j,, (f’) can be represented in the form of

J,(7)=jod k0,7 ) (2-55)

n=1
Applying the equation of continuity to equation (2-55) and making use of the

divergence theorem, the charge density can be expressed as
Ny ~ Np -
p(7)=-2 DNV £ )= 20, (VG )F ) (2-56)
n=1 n=1
The first term on the RHS of equation (2-56) corresponds to the volume charge
density p, , and the second term refers to surface charge density pg. It should be
noted that p, exists in each tetrahedron in which the medium parameters are
different from those of free space, while p, exists only on faces that separate

different media for which «(7') is discontinuous, that is, x, —x # 0. Substitution of
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equations (2-55) and (2-56) into the potentials equations in (2-43) and (2-44)

yields

A,(F)= jw[& N { j «(7)f (7)G(7, F')d?'}Dn] (2-57)

{jzc(*')(Vf (Pl 7 + jf (V)G 7 )ar H (2-58)

4@ (050 n=1

®V<f>=jw{-

Applying Gauss’s Law into the last term in equation (2-58), @V(F)becomes

1 &

Z{f (G AN ) < Gl PR G A28 G(f,f')df}Dn](z-sg)

4@7608 0 n=l A,

q)V(F) = jo

Finally the MoM matrix equation can be derived by substituting equation (2-54),

(2-57) and (2-59) into (2-47). In terms of symbolic notation,

ND

v =371 m=12,...N, (2-60)

mn “vp
n=l1

where the voltage excitation V.” is equal to

- [EG)-F P (2-61)

Vi
and the superscript D refers to a dielectric structure. For a scattering problem, in
which the voltage excitation is due to a plane wave incidence, the incident field is
given by equation (2-38) and (2-39). It should be noted that the j®» term had been
intentionally brought out from terms in equation (2-57) and (2-59) so that the

volume current coefficient, 1, ,can be equated to

I, = joD, (2-62)
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Hence, the MoM impedance matrix elements are given by

z =L jf“(f)()fa{ff .7 (f)f:(f')G(f,f')df'df] (2-63)

e\r

[ : [I Im(ﬁvf,r(f)Xvfr(f')%c(f,f')df'df}[ ] (w(f'»(v~f,,:’(f)Xﬁ-ﬁ"(f’))c:(r,f'w'df]

{ ! { G AG)\Z ﬁ”(?’))G(F,F')dF’dF}+[.[ [(x@Na- 72 F)Na-7r (;'))c(f,f')dwd;J

The first term on the RHS of equation (2-63) exists only when face m coincides
with face n. The solution of this MoM equation is obtained by recalling the
properties of SWG basis function described in section 2.2. Applying the
approximations in equation (2-49)-(2-51), the integration part of equation (2-63)

becomes

[ [=, V7 (F)- 1) ()G 7 )drdr

:“_3»« % Tj ,3+(;7')G(f;+,f')df']. 5t +“?[% Tj p‘(?’)G(Ff,F')dF’]. o e
+737" [ ﬁ*(f')G(af,f')df']m +—[§ ] p(f')G(f,:,f')df']p;
[[<GWN -7 EN- 7). 7 ) dr
=a, a’“li; .[G(r”,r')df’ -a, a”’f"_ IG(}*”J’}IF’
LV I | (2-65)
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[[@xEW - £ ENa- 77 o dr

t, In

- am[(fc; —r; )| Gl ] -a, {(K; ~; [ Gl 7 b ] (2-66)

a,K, 1 a,k, 1
=a n n G ]‘;C+ +_ "C+’Fl d?l _a n n G ]‘;C‘F +_ "C+,F’ ]—;! 2—67
{VI( 3P ] } [ o | ( JP jd} (2-67)

—a, [(K; - )f G(an* %,3;; : ?'jd?’:l (2-68)

V(2. FV (=
J‘fm (FA);," (7 )df'
;o é)

aman =+ (= =+ (= aman = (7 (7 -
=Wi|;pm(r)pm(r)dr +m;[pm(r)pm(r)dr (2 69)

Calculation of integral in equation (2-69) can be made faster using analytical
formula given in [8]

8

"sz
=7
aa;|s

[}ﬁ(?)-f,(f)dm )

hiciid) (2-70)
oy’

1, - - - - - - - . . . .
—E(rl~rr+rl-r3+r1~r4+r2-r3+r2-r4+r3-r4)

As with the integrals calculation in the case of metal structures, the tetrahedrons-
pair calculations should be applied instead of face-pair combinations to reduce the

computational time. Assuming V is subdivided into N tetrahedron elements i.e.
T=12.3..N, Figure 2.4 shows the combination of source tetrahedron, 77, and
observation tetrahedron,7”, (p,q=1,2,3....N) together with the geometrical

parameters after a local indexing scheme has been employed.
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Figure 2.4: Local coordinates for 77 with observation point at 77

g Aeyd M | =
r,,r; and r, can be

3

A point inside a source tetrahedron, 7' with vertices 7

V.
expressed in terms of the normalized volume coordinates [7] of ¢ =V—1q,77=V—2q,
V. V.
§:V—3q and a=—", where { +n+&+a=1
Applying this, any point inside the source tetrahedron can be described as
F=TE R+ G + R @)
The position vector p, that is used to define the basis function, fl(F’): 3;(1 p.(7),
(2-72)

inside Tis given by
ﬁi:i(r'—r,.') ,i=1,2,3,4
is the vertex opposite local face i in 7Y. These definitions in terms of

where 7,
fixed vertices and volume coordinates allow integrals over the source tetrahedron
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to be written in terms of scalar integrals, where a typical term for potentials due to

£.(7") in T is given as

Y Hy | 4; L1-n1-n-& ef,‘le’
dp =) G gy + (7= #)S—— d¢dnd
Ty e H ! (7' =7 G ¢dndg

11-7 1-n—
_ Mo g f "g(fa'— R+ -7+ (5~ 7 + (- )G P Hcdnde

27 0

= B (R (=R G- (2-73)

o1 =% pm (2-74)
2mjwe,

where the scalar integrals are given by

¢ 1
G(F,7 Hgdnde , 1. = |
0

¢
EG(F, 7 gdndé (2-75)

2.5 MoM Model for Combined Metal-Dielectric Structures

For metal-dielectric interface, the EFIE is used in conjunction with RWG

and SWG basis functions to model the structure. Consider a metal surface S that

is attached to a dielectric volume V. In this case, the E*(¥) component has two
contributions; the first is due to the volume polarization current, j,,(?’), and its

associated bound charges, pV(?’) and pS(?’), and the second is due to surface

current, J,(F'), and free charge density on the metal surface, py(F'), as shown in

the equations listed below
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ES(F)=—jwd, (F) -V, (F)- jods(F) -V (F) , for 7throughout V (2-76)
ES(F)=—jod(F)- VO (7)- jed, (F)-V®,(F), for 7on S (2-77)

where the potential terms in eq. (2-76) and (2-77) carries the same meaning as

discussed previously. By enforcing the boundary conditions of

B7)=L0)  rrer (2-78)
é(r)
E(F),, =0 forFes (2-79)

a complete EFIE can be derived for the whole structure

E(1)=L0) s i ()40 (7)+ jod (7)+ VO, () forFer  (2:80)

é(F)

E () = ek )+ VO, (7)+ jod, (7) + VD, (7))

,forreS (2-81)

an

2.5.1 Application of the Testing Functions

Once more, the EFIE is sampled in space using the testing functionsf,f(?) or

fS(F). Most of the works described here have been discussed previously in

section 2.3 and 2.4. To avoid confusion, the section, is divided into two
subsections; one describing electrical parameters inside V, and the other

describing electrical parameters on S.

2.5.1.1 Observation point located throughout V

For calculations involving a dielectric volume, assuming me(?) covers the entire

dielectric region V, then multiplication of eq. (2-80) by me(F) and integrating over

Vyields
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7 (e + jo | 4,(F)- 7 )dr—jq>(r)(Vf W+ [ @, (F)n- 72 (7)lr

Vin 8(}") Vi Ay

+jo [ AF)- F Flr— [0 NV - 72 ) + [0 (i 7 () (2-82)

Vm A/H

Note that the first four terms on the RHS of equation (2-81) are essentially the

terms required for the calculation of Z°” as demonstrated in equation (2-63). On

mn

the other hand, the last three terms in this equation are used to calculate Z”"

which accounts for the radiation from a source point on the metal structure M that

is tested on an observation point inside dielectric structure D.

2.5.1.2 Observation point located on S

Assuming that f ( ) covers a metal surface S, then the multiplication of equation

(2-81) by fm ( ) in conjunction with integration over S yields

jE Fdr = ijA TS Er ~ [ V- 3 (F)r

vjo [ 4,F) 73 F)r - [0, O - 75 )W (2-83)

S,

m

Once more, the first two terms on the RHS of eq. (2-83) are essentially the terms
required for the calculation of 2" as demonstrated in equation (2-30), while the
last two terms are required for the calculation of Z!” which describes the

contribution of radiation from a source point inside D tested at an observation point

on M.
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2.5.2 Application of the Expansion Functions

The expansion of volume current, charge and flux density has been explained in
section 2.4, whilst the expansion of surface current and charge density has been
described in section 2.3. The complete moment method matrix equation can be
obtained by appropriately substituting the expansions into equations (2-82) and (2-

83). In terms of symbolic notation,

ND NM

J= 2z L, 220 (2-84)
NM

v ZZMMI +ZZMD1 (2-85)

n=1

where the voltage excitation is given by

= [E'(7)- 7, (F)dr (2-86)

VM

v = [E'(F) £ (F)r (2-87)

Since terms required for calculation of Z2”and Z!" have been outlined in

equations (2-63) and (2-30) respectively, only the derivations of Z"’and zZ”" are

mn

described here. The impedance matrix elements of Z”" can be obtained by the

substitutions of equations (2-25) and (2-26) to the last three terms of equations (2-

82), which gives
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§ IV G- 756t (2-88)
dwoso| - ] fi-f) PV 75 )67 )dr dr

Similarly, expressions for the impedance matrix elements of z}> can be derived

through the substitutions of equations (2-57) and (2-59) to the last two terms of

equations (2-83), which provides

z0 S (S (G). (PG )
SV

OV AL0) A Gl) N G el G (2-89)

Since the gradient of dielectric contrast is given byVx(r')=x, —x;, a relation

n n?

between Z»” and Z”" can be derived.
Zw=k-Zn" (2-90)

where K refers to the contrast ratio coefficient, and zom corresponds to the

mn

transpose of Z"” matrix, i.e. the inner and outer integrals interchanged.
Using this relationship, calculations of Z"” and Z”" can be performed by

computing integrals contained in either one of them. It is preferable to compute
integrals in Z2" using equation (2-88) rather than in Z” via equation (2-89) since
the computational time for surface integrals at the source elements is less than

those for volume integrals. The integration terms of equation (2-88) are listed

below after taking into account the approximation used in equations (2-49)-(2-51)

[[ 1) F)- 72 GG 7 )dr dr
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_ “? [ﬁ j P G e 7')d?'] P+ % [ﬁ !ﬁ; (7)o 7'l ] Py

e (2-91)
3 [MJ e ]’3;’_ 3 le J 7. 7)ol ’r')‘”'] By
I (v 7/ N - 72 6. 7 Y dr
=a, An+ J'G(ffj')df' _a{ln_J'G(rﬁjr,)dr,]
_ h (2-92)

n [;

~a, /’11 j GlFe 7' ) +a,{ ;"_ [ G(an,?’)d?}

m

- LJG(*M;pm ,*] ] [ jG(*fw B ,”)df’] (2-93)

MM
Z mn

n

As in the calculation of the integrals in the equations above are calculated

using a face-pair combination rather than an edge-pair combination, which

significantly enhances the computation efficiency.

2.6 Efficient Calculations of the Integrals

It is well known that the numerical computations of MoM integrals accounts
for most of the total computational time. Therefore, the task of minimizing the
integrals calculation time is essential in order to reduce the overall computational
time. An effective way to perform this is by employing the Gaussian quadrature

formula [7] onto the integrals in equation (2-37) and equation (2-75). The formulas
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used for integrals calculation involving a source triangle and a source tetrahedron
are listed in Tables 2.1 and 2.2, respectively. In order to ensure efficient

calculation of the integrals, the formula is applied based on the separation
distance between the source point, 7’ ,and the observation point, 7, i.e. R=|F—F’|.

In order to maintain the required accuracy, more number of points, np, is needed
for smaller R. However, for the integrals calculation involving points separated by
larger R, it is more efficient to use a smaller n, since the solution yields results just

as accurate as that obtained using a higher np.

Expansion from equation (2-37): }lj’ff(g“,n)dgdn: "z"lf(g,.,n,.)W,.
00 i=
Nq . Iteration Unit Coordinates Weights
points
np i ni Gi Wi
1 1 1/3 1/3 1/2
1 1/6 1/6 1/6
3 2 2/3 1/6 1/6
3 1/6 2/3 1/6
1 1/3 1/3 - 9/32
4 2 3/5 1/5 25/96
3 1/5 3/5 25/96
4 1/5 1/5 25/96
1 0 0 1/40
2 1/2 0 1/15
3 1 0 1/40
7 4 1/2 1/2 1/15
5 0 1 1/40
6 0 1/2 1/15
7 1/3 1/3 9/40

Table 2.1: Symmetric quadrature for unit triangle (taken from [7], pp. 197)
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Expansion from equation (2-75): | §' (/(¢.n.)cinds = £ 1(¢.n. &,
00 0 i=
N(? i Iteration Unit Coordinates Weights
points
Np i ni i Gi Wi
1 1 1/4 1/4 1/4 1/6
1 a b b 1/24
4 2 b a b 1/24
3 b b a 1/24
4 b b a 1/24
1 1/4 1/4 1/4 - 2/15
2 1/2 1/6 1/6 3/40
5 3 1/6 1/2 1/6 3/40
4 1/6 1/6 1/2 3/40
5 1/6 1/6 1/6 3/40
1 1/4 1/4 1/4 -4/5625
2 11/14 1/14 1/14 343/45000
3 1/14 11/14 1/14 343/45000
4 1/14 1/14 11/14 343/45000
5 1/14 1/14 1/14 343/45000
11 6 c c d 56/2250
7 c d © 56/2250
8 c d d 56/2250
9 d C © 56/2250
10 d c d 56/2250
11 d d c 56/2250
where a=(5+3v5)/20 , b=(5-3v5)/20 , c=1+/(5/14))/4 a=(1-(5/14))/ 4

Table 2.2: Symmetric quadrature for unit tetrahedral (taken from [7], pp. 198)

Although applying the Gaussian quadrature formula has significantly
reduced the computational time, this technique is not suitable for the treatment of

self integrals. When the source and observation points coincides with one another
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(m=n), a singularity problem exists since the separation distance, R=|i—7
becomes zero. Thus, the solution of these integrals using the quadrature formula
yields unstable results.

For the treatment of self integrals, a singularity extraction technique
proposed by D.R. Wilton et. al in [9] can be employed. For a pure metal structures,

the equations describing the vector and scalar potentials in (2-35) and (2-36) can

be simplified into

A o [ (7= 7) a7 (2-94)

O o [ dr (2-95)

Applying vector projection, the vector potential in (2-94) is proportional to the
vector p'—p/, where p' and p; are the projection of 7'and7’, respectively, onto

the plane of triangle ¢,

— jkoR

dr’ 2-96
7 (2-96)

47 o [(p'-5))

19

which can be expanded into

i (s

where p is the vector projection of 7 onto the plane of ¢?. Thus, applying

—JkoR

e
dr ! 2-97

dr+fp Al

singularity extraction technique, this vector potential is then proportional to

*/koR _ —JjkoR

j dr+jp p)E—— ‘df'+j—dr++(p )j (2-98)

Similarly, applying singularity extraction technique to the scalar potential in (2-95)

yields
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—JjkoR !
e -1 . dr
O o [ —dr' + [
t‘l

- (2-99)

!
The last two terms in equation (2-98) and the last term in equation (2-99) are
calculated using analytical formulas derived in [9] while the preceding terms can
be efficiently calculated using Gaussian quadrature formula. This singularity
extraction technique can also be applied for pure dielectric structure.

The analytical formulas given in [9] are discussed briefly. These formulas
provide an accurate and faster solution to the singularity problem in both surface
and volume integrations. Figure 2.5, which illustrates a source point within a plane
of triangle t, is useful in visualizing many variables needed for the computation of

these self- integrals.

Observation
point

Source
point

Plane of triange ¢
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Figure 2.5: Geometrical quantities associated with a source point within a plane of

triangle t

Here, p is the vector projection of 7 onto the plane of triangle tand 5 is
the similar projection of 7. The distance between these vectors is given by
P= |/3—/3'|. Additionally, the perpendicular distance from a point located by 5 to
the i” edge is given byP", where ;" edge is parameterized by the length
variable /,. The endpoints of the edge are located at /7 and /7. The distance
(measured in P ) from p to the given endpoints p,;” and p, are denoted P* and
P, respectively. Using these definitions, the quantities of fl , l,.i, Pf, P*and

13,.0 can be calculated in terms of p.", p, and p by the following equations.

I _ P =Pi (2-100)
‘/3: _/31‘7‘

1 =(p: - p)el (2-101)

P =|(5; - p)eir,| where i, =1 x, (2-102)

N R O 109

A

13i° :W (2-104)

For surface sources distributed on a planar polygon S, the potential observed at 7

due to an elemental source on S at 7 is proportional to %. In this case, the

distance R is denoted in terms of R and R, which are given by
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R’ =[P} +a (2-105)

R =P} +a’ (2-106)
where d is the height of the observation point above the plane of S, measured in

the direction of 7, as
d=h, e(F-7*) (2-107)

The vectors fl and p. can now be defined in terms of 7*. These are given by

P h (2-108)

pr=rt =i, 0r") (2-109)
Based on these definitions, analytical formulas to solve the singularity problem in
surface and integration can be formulated. The derivation of these formulas has
been discussed in detail in [9]. The analytical formulas for surface integrals are

expressed in the form of

as’ . R +1' P°I' P°I;
= PO .MA. PO In———|d tanilé_tanil —_—t
.! R ,Z i 1[ i Ri— _I,-_ | |[ (Rio)Z +|d|Ri+ (RIQ)Z +|d|R; J] (2'110)

j ﬁ{(R.O)zl RO oo liR,}
S

R +1
Additionally, the analytical formulas for volume integrals are given by

b¢

NI»—

i i i

“ YDNRL

14

PO Pl R+
d. -l vy - vy _Pol _Yy_ v 2-112
X | J|[tan ( 0)2+|d,- R tan (R5)2+|d,|RUJ j n - ( )
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l[(RO +2d2] R +1

I?;f Z ZPO'”

[
S R‘ o (2-113)
W5 iR~ 1R, )~ | an- Bl Bl
TR G e G

where the double subscript jj signifies a quantity associated with the i" edge of the
ji" face, while the single subscript j denotes a quantity associated with the /M face
only. Equations (2-110) to (2-113) are used once the singularity extraction
technique has been applied to both potential integrals as shown in equations (2-

98) and (2-99).

2.7 Solution of the MoM Block Matrix

Once the impedance matrices for the structure are obtained, the total block

impedance matrix 7z can be calculated by combining the metal’s impedance matrix
ZM with the dielectric’s impedance matrix Z”” as well as the mutual impedance

mn mn

matrices Z”" and Z” in the form of

mn

MM MD
7 = |:Zmn Zmn :| (2_1 14)

V=27l (2-115)
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is solved using Gaussian elimination [10]. For this purposes, subroutines FO7ARF
and FO7ASF from Numerical Algorithms Group (NAG) FORTRAN library are used,
which allows for a faster computation time. In summary, these subroutines

compute the solution to a complex system of linear algebraic equation
AX =B (2-116)

where X and B corresponds to column vectors of length n and 4 refers to an

nxn symmetric complex matrix. Subroutine FO7ARF factorizes 4 as a product

of lower triangular matrix and upper triangular matrix, in a process called LU

factorization. This factored form of 4 is then used as an input by the second

subroutine, which uses Gaussian elimination with backward and forward

substitution, depending on the form of 4 , to solve the system of linear equations.
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CHAPTER 3

WIDEBAND CIRCULARLY

POLARIZED RECTANGULAR DRA

USING a SPIRAL EXCITATION

3.1 Introduction

Throughout this research, regular-shaped DRAs are used due to their ease
of production, low cost, and modelling simplicity. These include rectangular,
cylindrical, and hemispherical DRAs. Out of the three regular geometries,
rectangular-shaped DRA offers the greatest flexibility in choosing the design
parameters. In this chapter, a rectangular DRA that is characterized by a height a,
a width b, a depth ¢, and a dielectric constant ¢, has been excited using a square
spiral metal strip to generate a wideband circular polarization. Additionally, the

frequency tuning ability of this rectangular DRA has been demonstrated.



Chapter 3: Wideband Circularly Polarized Rectangular DRA using a Spiral Excitation 61

3.1.1 Degree of Freedom

The rectangular shape offers two degrees of freedom, where the aspect

ratio of height to width (%) and depth to width (% ) directly influence the resonance

frequency and the radiation Q-factor. This gives the designer a greater control
over the antenna profile and its impedance bandwidth in tailoring the DRA to suit
particular applications. For example, since these ratios can be chosen
independently, the designer can choose either to use a thin and wide or a tall and
a slender antenna to achieve the required resonance frequency and Q-factor for a

given dielectric constant.
3.1.2 Resonance Modes

The EM fields inside a rectangular DRA mounted on a perfect electrically
conducting (PEC) ground plane, as shown in Figure 3.1, are assumed to be
equivalent to those of an isolated rectangular dielectric waveguide [1, 2] having
similar dimensions of b, ¢, & and a height of 2a. Here, the tangential components
of the EM fields are assumed to be continuous across the two surfaces of the
DRA that are perpendicular to the direction of propagation in the dielectric guide,
whilst perfect magnetic walls are assumed along the other four surfaces that are
parallel to the direction of propagation. According to Okaya and Barash [3], the
modes of an isolated dielectric waveguide can be divided into two families:
Transverse Magnetic (TM) and Transverse Electric (TE). The TM modes are
characterized by having a zero value for the radial component of the magnetic
field (H=0), while the TE modes have a zero radial component of the electric field

(Er=0). However, for any DRA mounted on the ground plane, it is the TE modes
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that are usually excited since the presence of lower-order TM modes cannot be
confirmed experimentally [4], due to the lack of coupling between the inside and
outside resonator fields . For such rectangular DRAs, TEX, TEY and TE#* modes are
possible, in which the radiation would be similar to those of a short magnetic
dipole located at the centre of the DRA and oriented along X, y and z directions,
respectively. The resonance frequency of each of these modes depends on the
DRA’s dimensions and permittivity. The lowest order TE mode, i.e. TE mode with
the lowest resonance frequency, corresponds to the direction in which the smallest
dimension of the DRA is located. For example, if the DRA’s dimensions are such
that ¢ > b > a, then the TE modes in terms of increasing resonance frequencies
are TEZ115 < TEY151 < TE%s11, where the mode indices denote variation of EM fields
along the x, y and z directions inside the resonator and the value of & ranges

between 0< & <1, which approaches 1 for high values of dielectric permittivity [5].

t/j%
S

= £ > !
Ground Plane b//@_/

Figure 3.1: Geometry of a rectangular DRA mounted on ground plane

The resonance frequencies of the TE modes can be approximately

predicted using the dielectric waveguide model (DWM) method [4]. Since the
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analysis of all the modes is similar, it is adequate to describe the analysis of one of
these modes only. For the TE“nws mode, where m and n are integers, the z-

directed fields inside the resonator can be expressed in the following form [2]:
H, = Acos(kxx)cos(kyy)cos(kzz) (3-1)
E.=0 (3-2)

in which A is an arbitrary constant. kv, k, and k. respectively denote the

wavenumbers in the x, y and z directions inside the DRA. By enforcing the

magnetic wall boundary condition £ ® 7 = O at the surfaces of the resonator, the

following equations are obtained for the wavenumbers

=R =T (3-3)

k. tan(k.a)= (e, g —&

where ko represents the free-space wavenumber. Additionally, the wavenumbers
must satisfy the following equation.

ki+k, +k>=¢k, (3-4)
in which ko corresponds to the resonance frequency, i.e.

=27 2,
0 /10 c (3-5)

where Ao is the free-space wavelength, and c is the speed of light in vacuum.

Substitution of equation (3-5) in equation (3-4) yields the resonance frequency as

c

fom Kk k] (3-6)

2re,
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3.1.3 Axial Ratio and Gain Measurements Procedures

The measurement of the antenna’s far-field parameters such as axial ratio
(AR) and gain is not as straightforward as measuring the Si1 or far-field pattern.
For the calculation of the AR, the following expression can be used [6]

|Ex|+|E.]

AR =
|ER|_|EL|

(3-7)
in which the right-hand CP electric field component, Er, and the left-hand CP
electric field component, E., can be derived using the following equations [7]

E, =—|(E, + JE,) (3-8)

Sl -

E.=—-(E, - jE,) (3-9)

51

where E; represents the electric field component in the ¢-direction and Ee
denotes the electric field component in the 6-direction. In order to determine E,;

and Ep experimentally, the DRA has been placed in the receiving terminal inside
an anechoic chamber as shown in Figure 3.2, where it can be observed that a
standard horn has been used as a transmitting antenna. The component E, has
been obtained by measuring the received signal at each elevation angle 6 (6 = 1°,
2°, 3° ....360°) while the transmitting antenna has been fixed at azimuthal angle of
¢ = 0°. The same procedure has been repeated for the measurement of E¢ with
the horn antenna rotated at ¢= 90°.

The previous method of measuring AR is preferred compared to an

alternative method presented in [8] that use multiple magnitude components of E,

and Ep without the need of measuring their phases. The magnitude of the electric

field components are taken at four planes in the azimuthal direction (¢ = 45°, 90°,
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135° and 180°). This method has not been considered because it is more
susceptible to experimental errors since the horn antenna need to be rotated twice
as much as the previous method. Furthermore, the calculations of Er and E.

components are not possible without the phase information.

Figure 3.2: Measurement setup for the DRA’s far-field parameters

For the gain measurements, a comparison method has been applied in
which another horn antenna has been used at the receiving end. The gain of the
rectangular DRA, Gpra can be calculated from the known gain of the reference

horn, Ghom using the following expression [9],

P 1-I
Gprainas = Ghominas T IOIOglo(PDRA J =20 logm[l | DRA|] (3-10)

| Horn

Horn

where P and [ represent the received power and reflection coefficient,

respectively.
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3.2 Circularly Polarized Rectangular DRA

It is well known that a spiral antenna can radiate CP waves if a travelling-wave
current distribution is established along its length [10]. That is because this type of
current distribution is capable of radiating two far-field components which are
equal in amplitude and in phase quadrature that are needed to generate the
circular polarization. In this research, a conformal square spiral strip has been

employed to regular-shaped DRAs, producing wideband axial ratio.

3.2.1 Antenna Configuration

Figure 3.3 presents the geometry of a rectangular DRA that is excited using
a spiral strip. The DRA has the dimensions of a, b, ¢ and a dielectric constant of
&, Wwhereas the feeding strips have the same width, w, and lengths of /1, I>, I3, I4

and /s. The feed point is located at a distance of d from the nearest side wall.

A (]
4—»&—»
d l4

Feed point

Figure 3.3: A rectangular DRA excited by a square spiral metal strips
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The configuration has been simulated using the MoM in conjunction with
the combined RWG and SWG basis functions described in Chapter 2. Meshing
has been achieved using the Cimne-GiD [11] commercial software, where the
rectangular dielectric has been meshed to 2546 tetrahedrons and the metallic
strips to 86 triangular patches, giving a total of 5530 unknowns. Image theory has
been applied in order to take into account the effects of the PEC ground plane.
The memory size requirement for the solution of EM modeling has been reduced
with the application of image theory, as the need to physically model the ground
plane has been eliminated. The source feed has been simulated using a delta-gap
voltage generator model. The computation time is approximately 55 seconds per
frequency point, which is significantly faster than the simulation time of 1200
seconds using CST Microwave studio for the same antenna configuration.

An iterative design procedure has been followed to determine the optimum
dimensions of the feeding metallic strips that are needed to establish a travelling-
wave current distribution along the spiral-shaped monopole as well as exciting a
DRA mode within the same frequency range. The existence of this travelling-wave
current on the DRA surface generates a circularly polarized wave with two
orthogonal field components that have the same amplitudes and a phase
difference of 90° which can be attributed to the fact that the spiral antenna and its
image have currents of equal magnitude but of opposite phase [10]. Since the
travelling-wave current distribution changes slowly with frequency, a wider CP
bandwidth is expected.

The DRA parameters are similar to those used in [12], that is, a = 26.1 mm,
b =254 mm, c = 14.3 mm and & = 9.3. The results of the design procedure are

summarized in Table 3.1, which shows several selected dimensions of /1, I2, I3, I4
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and /5 that are capable of generating circular polarization in conjunction with

sufficient impedance matching bandwidth. The formula used to calculate the

percentage of overlapping AR and S11 bandwidth is given by

Overlapping Bandwidth (%) =

AR bandwidth with sufficient S11bandwidth

AR bandwidth

x100 (3-11)

As can be seen from the table, the achieved AR bandwidth is rather

sensitive to the strips lengths, as changing the latter may generate a standing

wave current distribution, which deteriorates the circular polarization.

L4 L2 Ls L4 Ls 3db AR 10dB S11 Overlapping AR &
(mm) | (mm) | (mm) | (mm) | (mm) | Bandwidth (%) | Bandwidth (%) S11 Bandwidth (%)
10 6 8 6 3.24 9.43 100
7 8 6 2.65 9.18 100
4 3.23 8.92 100
6 10 5 3.64 7.65 100
6 4.87 7.40 100
8.25 4 3.17 7.14 93.1
12 7 10 5 4.08 8.67 76.2
6 6.07 8.42 66.2
4 2.64 8.16 90.5
8 10 5 3.28 5.63 86.3
6 4.25 5.38 100
6 1.17 6.89 100
8 8 7 2.32 6.63 100
10.25 10 8 4.59 6.38 100
9 8 8 4.43 6.13 100
10 8 8 6.60 8.50 100
12 10 10 7 2.07 4.90 48.3
10 6 10 3.15 4.42 77.5
11 6 9 1.71 4.20 100
8 10 4.08 3.97 43.4
1295 12 6 9 3.15 3.75 100
10 3.10 3.54 100
10 12 8 9 2.30 3.34 100
10 7.47 7.91 60.3
12 11 10 9 1.05 4.66 100

Table 3.1: AR and S11 bandwidths for different spiral dimensions
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3.2.2 Results and Discussions

A rectangular DRA prototype has been built using Alumina (Al203) ceramic
material, which has a relative permittivity of ¢, = 9.3. The square spiral has been
constructed using five individually cut strips of an adhesive-backed copper tape
that can be stuck easily on the surface of the DRA. The strips have been
electrically connected to each other using a conductive silver paint. The
dimensions of the strips have been optimized based on the aforementioned
iterative design procedure. With reference to Table 3.1, the optimized lengths of
the individual strips are found to be /1= 10.25 mm, o= 10 mm, /3=10 mm, /4= 8
mm and /s = 8 mm. The DRA has been mounted on a square aluminum ground
plane with a side length of 400 mm. An HP8720D vector network analyzer has
been used in the measurements. Feeding has been implemented by soldering the
one end of the spiral strip to an SMA connector that is connected to the network
analyzer using a 50 Q coaxial cable. It should be noted that the feed point is
located at a distance of d=7.7 mm from the DRA edge as illustrated in Figure 3.2.
Any possible air gaps between the DRA and the ground plane have been
eliminated by employing a procedure described in [13], in which the DRA has
been attached to a double sided adhesive conducting tape that is placed above
the ground-plane. The existence of such air gaps causes measurements errors,
since the air gaps (¢ = 1) reduces the ¢, for the whole antenna structure, which
subsequently increases the resonance frequency and bandwidth of the resonance.

A travelling-wave current distribution has been attained along the spiral
metal strip at the frequency band of operation as illustrated in Figure 3.4. The
current distribution consists of outbound and reflected travelling waves along the

spiral arm, decaying as they radiate. Close to the feed point, the wave outbound
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from the feed has not yet decayed much, while that reflected from the end of the
arm has decayed twice, radiating significantly in both directions, thus causing least
interference. Therefore, the net result is close to a decaying travelling wave, as
can be observed in the relatively linear phase progression and smoother
amplitude decay. It is the predominant travelling wave close to the feed that is

responsible for the good axial ratio [11].
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Figure 3.4: Current distribution along the spiral strip at 4.1 GHz

The spiral strip has a perimeter of 1.39Ag, where Ag is the guided
wavelengths at 4.1 GHz that has been calculated as [14],

A
A, =t 3-12
¢ Jle +1)/2 (3-12)

It should be noted that this spiral perimeter is comparable to that of 1.25Ag
obtained for a CP spiral antenna design reported in [15]. This circumference
supports the first-mode of radiation, for which the conditions are ideal for CP wave

radiation. It has been noted in [16] that currents existing beyond the one-
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wavelength circumference continue experiencing change of phase as they
progress outward. For a large spiral structure, these currents will be out-of-phase
at the second-wavelength circumference and in-phase at the radius where the
circumference is three wavelengths. No radiation occurs from the two-wavelength
circumference because the currents on adjacent spiral arms are anti-phase in
contrast to strong radiation from the three-wavelength circumference.

The computed and the measured return losses are shown in Figure 3.5,

where it can be noticed that there is a good agreement between simulation and
measurements. From these results, it can be seen that an|Sn| <-10dB, that is, a
voltage standing wave ratio (VSWR) of <2, has been achieved over a bandwidth
of 8.5 % in both cases. The minimum S+41 has been measured at 4.10 GHz
compared to 4.14 GHz in the computations, which constitute a marginal difference

of 0.97 % between the two sets of results.
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Figure 3.5: Return losses of a rectangular DRA fed by square spiral strip.
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Apart from the computed and measured results, the resonance frequency
has also been studied using DWM model as described in section 3.1.2. Using this
simple and approximate technique, the resonance frequency has been predicted
as 3.82 GHz for the TEY151 mode in which the DRA has been excited. The electric
field distribution across an isolated rectangular DRA with similar dimensions of b,
¢, & and height of 2a, due to the ground plane removal, operating in this mode is
presented in Figure 3.6 (a). As can be seen from Figure 3.6 (b), the DRA has a
strong magnetic field near the ground plane along both side walls parallel to the y-
axis; hence it can be excited by the spiral strips that have a maximum current

magnitude at the feed point close to the ground plane.
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Figure 3.6: Fields distribution for TEY111 mode; (a) E-field and (b) H-field

By applying equation (3-7), the AR of the rectangular DRA has been
computed and measured at the bore-sight direction, 6=0. The variation of AR as a
function of frequency is shown in Figure 3.7, where it can be seen that the

minimum computed value is 1.23 dB at 4.1 GHz, which is close to the
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corresponding measured value of 1.39 dB at the same frequency. From these
results it can be observed that the theoretical 3 dB AR bandwidth extends from
4.01-4.27 GHz compared to 4.00-4.28 GHz in the measurements. These figures
show that a circular polarization has been achieved over bandwidths of 6.60 %
and 7.07 % in the analysis and the measurements, respectively. These are
significantly higher than the typical bandwidths of less than 3% for singly-fed
rectangular DRAs as described in section 1.3.2.2. Employing a finite ground plane
and experimental tolerances have produced a slight discrepancy between the
predicted and the measured bandwidths. Furthermore, with reference to Figure
3.8 which illustrates the region of overlapping AR and S11 bandwidths for the
rectangular DRA design, it can be observed that a sufficient impedance matching

bandwidth has been obtained throughout the achieved circular polarization

bandwidth.
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Figure 3.7: Axial ratio of a rectangular DRA fed by square spiral strip
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Figure 3.8: Region of overlapping bandwidths for S11 and AR

Additionally, the theoretical and experimental variations of the axial ratio, as
functions of the elevation angle, are illustrated in Figures 3.9 and 3.10, where it is
evident that the DRA produces a CP radiation over beam-width of 25° in both
$=0" and ¢ =90° principle planes, respectively, at the minimum AR frequency of

4.1 GHz. These relatively narrow beam-widths can be attributed to the fact that the
main beam throughout the circular polarization bandwidth is slightly shifted to ~10°

from the bore-sight direction due to the position of the feed point.
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Figure 3.9: Axial ratio beam-width of the rectangular DRA at¢ =0’
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Figure 3.10: Axial ratio beam-width of the rectangular DRA at¢ =90°
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A comparison between the calculated and the measured radiation patterns
is shown in Figure 3.11 with reasonable agreement and stability across the
circular polarization bandwidth. It is evident from these results that this is a right-
hand CP DRA, and the right-hand, RHCP, field component is stronger than the
left-hand counterpart, LHCP, by more than 20 dB in the bore-sight direction at 4.1
GHz. Furthermore, a left-hand CP DRA can be attained by changing the square

spiral arm winding from a clockwise to a counter-clockwise direction.
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Figure 3.11: Radiation pattern of the rectangular DRA at

(a) 4.01, (b) 4.10, and (c) 4.27 GHz
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With the aid of equation (3-10), the antenna bore-sight gain has been
measured and the results are illustrated in Figure 3.12, where it can be observed
that a satisfactory gain of 2.9 dBi has been achieved at the optimum AR frequency
of 4.1 GHz. However, the gain decreases rapidly to approximately 0 dBi at the

upper end of the CP bandwidth, which is due to the shift in the main beam at that

frequency.
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Figure 3.12: Gain of a rectangular DRA fed by square spiral strip
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3.3 Frequency Tuning of the Circularly Polarized Rectangular

DRA

3.3.1 Antenna’s Configuration

The possibility of achieving a wideband CP radiation at a different
resonance mode is investigated next, where the spiral position has been shifted
from the centre of the DRA surface as illustrated in Figure 3.13. This is important
as it demonstrates the possibility of tuning the operation frequency if needed. The
DRA parameters are similar to those used in section 3.2, except the distance d,
which has been changed to 15.4mm. This distance has been chosen so as to
excite the TEX111 mode that has a strong magnetic field at that position as shown
in Figure 3.14 (b), which maps the magnetic field distribution across an isolated
rectangular DRA with similar dimensions of b, ¢, & and height of 2a due to the

ground plane removal.

Figure 3.13: Rectangular DRA excited by a shifted square spiral strip metal
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Figure 3.14: Fields distribution for TE*111 mode; (a) E-field and (b) H-field

3.3.2 Results and Discussions

The current distribution along the spiral arm is illustrated in Figure 3.15,
where, again, a travelling-wave current distribution has been attained, which is
needed to produce the CP wave. The spiral strip has a perimeter of 1.07Ag at 3.1
GHz, which is ideal for CP radiation. Good agreement has been obtained between
the computed and measured return losses as illustrated in Figure 3.16, where it
can be seen that an S11 =-10 dB has been achieved over a bandwidth of 33% and
30% in computations and measurements, respectively. The Si11 bandwidth is
much wider than those achieved previously due to the merging of the two
minimum S11 points caused by the excitation of TE*s11 and TEYs11 modes. It
should be noted that the possibility of exciting the TEYs11 mode using the new
position of feed point is still high, since the magnetic field inside the DRA operating
in this mode is very strong along the side wall parallel to the y-axis and around the

ground plane as can be seen in Figure 3.6 (b). The first minimum S+ point has
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been measured at 2.95 GHz compared to a computed value of 2.93 GHz, that is, a
marginal difference of 1% has been achieved between the two sets of results.
Furthermore, the resonant frequency has also been calculated using the DWM

approximation technique as 2.83 GHz for the TE*s11 in which the DRA is excited.
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Figure 3.15: Current distribution along the shifted spiral at 3.10 GHz
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Figure 3.16: Return losses of the rectangular DRA fed by a shifted spiral.
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The axial ratio has been computed and measured at the bore-sight
direction as shown in Figure 3.17, where it can be seen that a minimum value of
1.5 dB has been attained at 3.10 GHz in both simulations and measurements.
From these results it can be observed that the achieved 3 dB AR bandwidths are
6.4% and 6.7% in the analysis and measurements, respectively. This is similar to
the achieved bandwidth for a DRA supporting the TEY111 mode at 4.10 GHz as
described in section 3.2. These results confirm the robustness of the presented
feed mechanism as the CP operating frequency and the resonance mode have
been varied easily by shifting the spiral from the centre of the DRA surface. The
slight discrepancy between the predicted and measured results can be attributed
to experimental tolerance and the finite ground plane used. Additionally, the
circular polarization bandwidth has been achieved in conjunction with sufficient

impedance matching bandwidth as illustrated in Figure 3.18.
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Figure 3.17: Axial ratio of the rectangular DRA fed by a shifted spiral.
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Figure 3.18: Region of overlapping bandwidths for S11 and AR

The variation of the axial ratio with the elevation angle is demonstrated in

Figures 3.19 and 3.20, where it can be seen that the DRA offers circular

polarization over useful computed beam-widths of 93° and 72° in the ¢=0" and

¢ =90"planes, respectively. These beam-widths are significantly wider than those

achieved in the previous design because the main beam position is at the bore-

sight direction.
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Figure 3.19: Axial ratio beam-width of the rectangular DRA at ¢ =0°
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Figure 3.20: Axial ratio beam-width of the rectangular DRA at ¢ =90



Chapter 3: Wideband Circularly Polarized Rectangular DRA using a Spiral Excitation 84

A comparison between the calculated and measured radiation patterns is
shown in Figure 3.21 with reasonable agreement. It is evident from Figure 3.21 (b)
that this is a right-hand CP DRA, in which the RHCP field is stronger than the
LHCP field by more than 20 dB in the bore-sight direction at 3.10 GHz. Again, as
in the case with the previous design, a left-hand CP DRA can be attained by
changing the square spiral arm winding from clockwise to counter clockwise

direction.
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Figure 3.21: Radiation pattern of the rectangular DRA at

(a) starting, (b) minimum, and (c) ending of AR frequencies
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Finally, the antenna gain of the rectangular DRA, with the shifted spiral
feed, has been measured at bore-sight. The results are illustrated in Figure 3.22,
where it can be seen that the antenna offers a good gain of approximately 5dBi
across the whole frequency range of the achieved circular polarization. The
achieved gain is stronger than those achieved by previous DRA configuration

because the main beam is located near to 8=0° throughout the achieved CP

frequency band.
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Figure 3.22: Antenna gain of a rectangular DRA fed by a shifted spiral.

3.4 Conclusions

A wideband CP rectangular DRA has been designed using a square spiral strip for
excitation. The antenna provides a 3 dB AR bandwidth of approximately 7%,

which is considerably greater than what has been reported in earlier studies for a
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singly-fed CP DRA. This has been achieved in conjunction with a sufficient
impedance-matching bandwidth across the same frequency range. The frequency
tuning of the wide band circularly polarized DRA antenna has been demonstrated,
where shifting the spiral position from the centre to the right of the DRA surface
has shifted the operating frequency from 4.10 GHz to 3.10 GHz. This corresponds
to a change in the supported modes from TEY411 to TE*111. In both modes a wide
CP bandwidth has been achieved. Furthermore, the spiral feed can be constructed
using adhesive conducting strips. A good agreement has been obtained between

experimental and theoretical results.
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CHAPTER 4

A WIDEBAND CIRCULARLY

POLARIZED CYLINDRICAL DRA

4.1 Introduction

Out of the three regular geometries used throughout this project, cylindrical
DRA offers the second greatest design flexibility. Additionally, the fabrication of a
cylindrical structure is simpler than that of a hemispherical DRA. In this chapter,
the versatility of the excitation method introduced previously is assessed by
employing the spiral feed to a cylindrical DRA to generate a wide circular
polarization bandwidth. Furthermore, a multilayer DRA configuration is proposed
for further enhancement of the CP bandwidth. The cylindrical shape offers one

degree of freedom, where both the resonance frequency and the radiation Q-

factor are exclusively dependent on the radius to height aspect ratio, i.e. (%).
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Therefore, for a given dielectric constant, a wide and thin DRA can be made to
resonate at the same frequency as a tall and slender DRA. As a result, antenna
designers have the choice of using different antenna profiles to achieve the

desired resonance frequency.

4.1.1 Resonance Modes

Ground Plane

N

Figure 4.1: Geometry of a cylindrical DRA mounted on ground plane

Figure 4.1 illustrates a cylindrical DRA that is mounted on a PEC ground
plane. The EM fields inside this antenna can be assumed to be equivalent to those
of an isolated cylindrical dielectric waveguide [1] having the same parameters of a,
& and a height of 2h. As in the rectangular DRA model, the H, component is
assumed to be zero at all surfaces parallel to the z-axis, i.e. a perfect magnetic
walls condition, whilst the tangential EM fields are continuous across surfaces
perpendicular to the z-axis. These EM fields are assumed to decay exponentially
outside the DRA from their values at the boundary to zero at an infinite distance

away from the DRA [2].
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According to Kobayashi [3], the modes of an isolated cylindrical dielectric
waveguide can be categorized into three distinct types: TM, TE, and hybrid
modes. The fields of TM and TE modes are axially symmetric and the fields of the
hybrid modes are azimuthally dependent. The hybrid modes can be further
categorized into EH and HE types [4], depending on the relative strength between
the electric (E) and magnetic (H) field components. In the case of EH modes, the
H; component is significantly stronger than the E; component. Hence, from the
knowledge of the H, component only, other field components can be obtained.
The reverse is true for the HE modes.

The modes in each category are classified as TMomp+s, TEomp+s, EHnmp+s and
HEnmp+s. The mode subscripts denote the order of variations of fields in azimuthal
(@), radial (r) and axial (z) directions, respectively. The first index (n = 0, 1, 2...)
indicates the variation of fields in the azimuth direction, while the second index (m
=1, 2...) denotes the radial variation of field. Similarly, the index p+d (p=0, 1, 2...)
indicates the variation of field in axial direction, where the value of & ranges
between 0< & <1 depending on the DRA’s permittivity. It should be noted that the
most commonly used modes are TMo1s, TEo1s and HE115 [5]. The far-field radiation
of TMo1s mode is similar to that of a small vertical electric monopole, while the
TEo1s mode radiates like a small vertical magnetic monopole. Additionally, the far-
field radiation of HE11s mode is similar to those radiated from a small horizontal
magnetic monopole.

The resonance frequencies of these commonly used modes can be
approximately predicted using equations that are based on extensive numerical
calculations and curve fittings [1]. Results obtained from these equations typically

lie within 10% of those calculated rigorously using numerical methods. For given
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a . . .
values of Z ande¢,, the parameter of interest is the normalized wavenumber, koa.

When ¢, is very high (&, >100 ), the normalized wavenumber is solely dependent

on ¢, [6], i.e.

N (4-1)

However, when ¢ <100, the following equation can be used as a good
approximation

1
koa C —F/—— (4_2)

VE X

where the value of X (X=1, 2...) is obtained empirically by comparing the results
from numerical methods available in literature. For a DRA with a lower value of ¢,
the value of X for the TMo1s mode was found to be equal to 2 after comparison

with the results from numerical method available in [7] that led to the following

expression

IA

which is valid when the aspect ratio is in the range of 0.33 < 5

=]
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For the TEos the resonant frequency can be calculated using the equation

proposed by DeSmedt [8], which is valid for any value of ¢ and an aspect ratio in

the range of 0.33 < % <5
2
koa =222 |10+ 0.2123(3] - 0.00898(£j (4-4)
Ve, +1 h h

Finally, the expression for the normalized wave number for the HE115 mode is

given by
6.324 a aY
ka=—"221027+036] — |-0.02| —
e 2 (zh) (2/1) )

which can be used for any value of ¢, and an aspect ratio in the range of

a

04<—-<6
h

4.2 Circularly Polarized Cylindrical DRA

4.2.1 Antenna Configuration

A cylindrical DRA that is excited using a conformal square spiral metal strip
is illustrated in Figure 4.2. The DRA has a radius of a, a height of h and a dielectric
constant of &, whereas the feeding strips have lengths of /1, I2, I3, I4 and I5 as well
as a width of w = 1 mm. In order to assess the performance of the cylindrical DRA,
the dimensions have been chosen to be as the same as those reported in [9].
Therefore, the relative permittivity, radius, and height have been chosen as 9.2,

7.01 mm, and 10.54 mm, respectively.
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Feed point X

Figure 4.2: Configuration of a cylindrical DRA excited

using a conformal square spiral

The structure has been modeled using the method of moments together
with the combined RWG and SWG basis and test functions described in chapter 2.
The dielectric cylinder has been meshed to 2260 tetrahedrons, and the metallic
strips to 86 triangular patches, giving a total of 5060 unknowns. Once more, the
PEC ground plane has been considered using the image theory, and the feed has
been simulated using a delta-gap voltage source model. The computation time
has been reduced by employing analytical equations for singularity extraction, and
Gaussian quadrature formula in conjunction with the approximate Galerkin MoM
as described in section 2.6. The computation time is approximately fifty seconds
per frequency point, which is significantly faster than the simulation time using

CST Microwave studio for the same structure.
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The optimum dimensions of the feeding metallic strips that are required to
establish a travelling-wave current distribution along the conformal spiral-shaped
monopole, as well as exciting a DRA mode within the same frequency range, have
been determined through an iterative design procedure. The existence of this
travelling-wave current produces a circularly polarized wave which radiates from
the DRA surfaces. As mentioned earlier, the travelling-wave current distribution
changes slowly with frequency, hence a wider CP bandwidth is expected.

Table 4.1 presents the AR bandwidth, impedance matching bandwidth, and
the bandwidths overlapping percentage for several strips dimensions. From the
table, the achieved AR bandwidth is rather sensitive to the strips lengths, as
changing the latter may generate a standing wave current distribution, which
deteriorates the circular polarization. The optimized dimensions of the individual
strips have been found to be /1= 10.54 mm, [>=10 mm, /3=9 mm, /4= 8 mm, and /5
=5 mm, which give an AR and S11 bandwidths of 3.48% and 15.65%, respectively.
Furthermore, it can be clearly seen that in some cases, the circular polarization
radiation has been achieved without sufficient impedance matching bandwidth,
thus making the antenna design inefficient when used in CP communication
system. In these cases, no mode has been excited at the CP frequency band. As
explained earlier, the CP wave is radiated by the DRA due to the existence of
travelling-wave current distribution along the spiral feed whereas the antenna’s
resonance frequency and S+44 bandwidth are mainly dependent on the aspect
ratios and permittivity of the DRA. Additionally, the resonance frequency can be
affected by various factors such as efficiency of fields coupling between feed and

DRA, load of, and location of feed.
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I l2 I3 la 5 3 dB AR -10 dB S11 Overlapping AR
(mm) | (mm) | (mm) | (mm) | (mm) | Bandwidth (%) | Bandwidth (%) | & S11 Bandwidth (%)
8 6.5 4.5 0 0 0
8.5 7 5 0 0 0
9 75 5.5 1.07 11.45 100
9.5 10 8 8 6 2.83 12.31 64
10 8.5 6.5 3.21 12.95 73
10.25 8.75 6.75 3.25 13.21 79
10.54 9 7 3.1 13.02 94
8 6 0 0 0
9 7 2.64 8.98 2
10.54 10 9 8 7 3.1 13.02 94
11 9 1.58 4.28 0
12 10 0 0 0
10 0 0 0
1054 | 10 221 8 | 7 0 0 0
9 3.1 13.02 94
8.5 2.11 13.93 100
7 3.10 13.02 94
6.5 3.29 14.10 96
6 2.87 14.73 100
10.54 10 9 8 55 3.39 15.05 100
5 3.48 15.65 100
4.5 2.98 16.98 100
4 1.94 23.24 100
3.5 0 0 0

Table 4.1: Optimization of the feeding strips dimensions.

4.2.2 Results and Discussions

A prototype of cylindrical DRA has been built using Alumina ceramic
material. The conformal square spiral has been constructed using five individually
cut strips of an adhesive-backed copper tape which have been electrically

connected to each other using a conductive silver paint. As mentioned in the
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previous chapter, possible air gaps between the DRA and the ground plane have

been eliminated by employing the procedure described in [10].

Comparison between the calculated and measured input impedances is
illustrated in Figure 4.3, which illustrates a close agreement between the results.
Figure 4.4 shows the return losses, where it can be observed that an S11 <-10 dB
has been achieved over bandwidths of 15.65% and 14.3% in the simulation and
measurements, respectively. The minimum S11 has been computed at 5.89 GHz

compared to 5.96 GHz in the measurements, which constitutes a marginal

difference of 1.18% between the two sets of results.
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Figure 4.3: Input impedance of the cylindrical DRA
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Figure 4.4: Return losses of the cylindrical DRA

The resonant frequency obtained from theoretical and measurement results
agree well with the predicted resonance frequency of 5.61 GHz for the TEo15 mode
calculated using equation (4-4), in which the DRA is excited. The EM fields
distribution across an isolated cylindrical DRA with similar parameters of a, & and
height of 2h operating in this mode are shown in Figure 4.5. It is evident from
Figure 4.5 (b) that the DRA exhibits strong magnetic field along the curved
surface, thus it can be excited by the spiral strips attached on that curved surface,

which have a maximum current magnitude at the feed point.
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Figure 4.5: EM Fields distribution for TEq1s mode; (a) E-field and (b) H-field

Furthermore, a travelling-wave current distribution achieved along the spiral
at the frequency band of operation is shown in Figure 4.6. The spiral strip has a
perimeter of 1.7A4 at 5.38 GHz. This circumference supports the first-mode of

radiation, for which the conditions are ideal for CP wave radiation.
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Figure 4.6: Current distribution along the spiral strip at 5.38 GHz



Chapter 4: A Wideband Circularly Polarized Cylindrical DRA 99

The bore-sight axial ratio has been computed and measured as
demonstrated in Figure 4.7, where it can be seen that the minimum computed AR
value is 1.3 dB at 5.38 GHz, which is close to the corresponding measured value
of 1.6 dB at 5.55 GHz. From these results it can be noticed that the theoretical 3
dB AR bandwidth extends from 5.28-5.48 GHz compared to 5.44-5.66 GHz in the
measurements. Therefore, circularly polarized radiation has been achieved over
bandwidths of 3.48% and 4.20% in the analysis and the measurements,
respectively, which is higher than a bandwidth of ~2% that has been achieved
earlier for a singly-fed CP cylindrical DRA with similar dimensions [9]. It should be
noted that this frequency band for CP radiation is achieved at lower frequency
than those achieved in [9]. The slight discrepancy between the computed and
measured results can be attributed to experimental tolerance and the use of finite
ground plane. Additionally, compared to the rectangular counterpart, the cylindrical
DRA has a much lighter weight which has caused some difficultly in positioning it
firmly on the PEC ground plane, hence the air gaps couldn’t be eliminated totally
and this may have contributed to the discrepancy between theory and experiment.
Furthermore, based on graphs in Figure 4.7, it can be observed that a sufficient
impedance matching bandwidth has been obtained throughout the frequency band

of the achieved circular polarization.
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Figure 4.7: Axial ratio of a cylindrical DRA fed by square spiral strip
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The variation of the axial ratio with the elevation angle is demonstrated in

Figures 4.9 and 4.10, where it can be noticed that the DRA offers circular

polarization over a useful computed beam-widths of over 65° and 90° in the ¢ =0°
and ¢ =90°planes, respectively. In terms of measurements, the beam-widths

have been achieved over 61°in the ¢ =0" plane and 82°in the ¢ =90° planes.
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Figure 4.9: Axial ratio beam-width of the cylindrical DRA at ¢ =0°
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Figure 4.10: Axial ratio beam-width of the cylindrical DRA at ¢ =90’
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The stability of radiation pattern has been studied as illustrated in Figure
4.11, where it is evident that the patterns are stable across the whole CP
bandwidth, and an isolation of more than 18 dB has been achieved between the
co-, and cross-, polarization components at the minimum AR frequency point. The
discrepancy in the pattern of LHCP at ¢ =90" in Figure 4.11 (a) and (b) can be

attributed to the discretization error. This problem can be solved by taking more

measurement points, such as every 8 =0.1° step instead of 8 =1".

— = Messured
5 0 15 — Computed Er 15 0 5

Figure 4.11: Radiation patterns of the cylindrical DRA at the (a) beginning, (b)

centre, and (c) end of the CP bandwidth.
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Figure 4.12 presents the calculated and measured bore-sight gain of the
cylindrical DRA, where it can be observed that a useful gain of more than 4 dBi
has been achieved throughout the CP bandwidth in the theoretical and

experimental results.

ain (@B) ~ —=
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Figure 4.12: Gain of a cylindrical DRA fed by a square spiral strip

4.3 Bandwidth Enhancement of the Circularly Polarized

Cylindrical DRA using Multi Dielectric Layers

4.3.1 Antenna’s Configuration

The possibility of enhancing the AR bandwidth by employing multi dielectric
layers is investigated next. It should be noted that shortly after the measurements
of this approach, few studies have been published on the same idea of enhancing
the CP bandwidth using a layered DRA configuration [11-13]. For instance, an

increase of 100% in the 3dB AR bandwidth has been reported in [11] when a
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multilayer rectangular DRA fed by cross slot is used instead of single layer
structure. Additionally, investigations done in [12-13] demonstrate that the AR
bandwidth of the multilayer structure is approximately three times that of a single
layer DRA. In these cases, removing the central portion of the single layer DRA
and filling the gap with material of lower permittivity decreases the effective
dielectric constant of the overall structure, which caused a reduction the radiation
Q factor of the DRA and thus increases the S11 and AR bandwidths.

In this research, a smaller dielectric cylinder of different permittivity has
been embedded within the cylindrical DRA. Figure 4.13 shows the configuration of
the two layer DRA, where a machinable-glass ceramic known as Macor with a
relative permittivity of 5.67 has been chosen as the inner layer owing to lower cost
and excellent insulation properties, as well as ease of fabrication since it is

machinable to any desired shape with standard metalworking tools.

Outer Layer

. <+—Dielectric
| (Alumina)

Inner Layer
Dielectric (Macor)

ho
< Conformal spiral strips

A
4

az

Figure 4.13: Configuration of a multilayer cylindrical DRA

(Inset: side-bottom view of the DRA)
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The parameters of the outer layer and conformal spiral are similar to those
used in section 4.3. The height, h2, and radius, ay, of this inner layer have been
varied in proportion to the dimensions of the outer layer. This parameter, P has
been used to speed up the optimization process. The AR bandwidth and the
corresponding minimum AR frequency point are shown in Figure 4.14 as functions
of the inner layer aspect ratio. From these results, it can be noticed that as P
increases, the resonance frequency for the TEo15 mode also increases. This can
be attributed to the decrease in the effective permittivity of the DRA.
Consequently, this leads to an AR bandwidth increment when the dimensions of
inner layer increases up to P=0.9. It should be noted that when P=1, a single
dielectric is achieved with a permittivity of 5.67, which changes the electrical
dimensions of the spiral and produces a narrower AR bandwidth. Therefore, the
optimum dimensions of the inner dielectric layer have been determined as hz=

9.49 mm and a2=6.31 mm.
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Figure 4.14: Axial ratio bandwidth and corresponding resonance frequency

as a function of the size of inner layer.
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4.3.2 Results and Discussions
A prototype of the multilayer cylindrical DRA is illustrated in Figure 4.15.
The parameters of the outer layer dielectric and conformal spiral are similar to

those used in section 4.3 and the inner layer has a parameter of P=0.9.

Figure 4.15: A multilayer cylindrical DRA excited by a conformal spiral strip

The input impedance has been measured and compared to the MoM
computation with close agreement as illustrated in Figure 4.16. Additionally, the
simulated and measured return losses agree well with each other as shown in
Figure 4.17, in which it is evident that S¢1 <-10 dB bandwidths of 15.2% and
14.4% have been achieved in computations and measurements, respectively. The
minimum S11 has been computed at 6.25 GHz compared to 6.33 GHz in the
measurements, that is, a marginal difference of 1.41% between the MoM model
and the experiment. In order to compare the resonance frequency obtained by
these results with those predicted by equation (4-4), extra calculation needs to be

implemented by taking into account the presence of inner dielectric layer. From
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[14], when another dielectric layer of parameters &2 a2 and h2 is added, the

effective permittivity of the overall DRA structure becomes
£y =(m)e,, +(1-m)e, (4-6)

where m is the volume fraction of the inner layer dielectric which is given by

m= VZ /Vovemll (4_7)
Since the cylindrical volume is computed using
V =ma’h (4-8)

therefore the effective permittivity of the overall DRA structure can be determined
as &=6.62. Using this value, the predicted resonance frequency for the broadside
TEois mode has been calculated using equation (4-4) as 6.55 GHz, which is

reasonably close to those obtained by the theory and experiment
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Figure 4.16: Input impedance of the multilayer cylindrical DRA
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Figure 4.17: Return losses of the multilayer cylindrical DRA

A travelling-wave current distribution has been obtained along the feeding
spiral as illustrated in Figure 4.18, where it can be observed that smoothly
decaying current amplitude has been achieved in conjunction with an
approximately linear phase progression. The spiral strip has a perimeter of 1.72A,

at 6.25 GHz, which supports the first-mode of radiation.
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Figure 4.18: Current distribution along the spiral strip at 6.25 GHz
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The axial ratio has been computed and measured at the bore-sight
direction as shown in Figure 4.19, where it can be seen that the minimum
computed AR is 0.67 dB at 6.25 GHz, compared to the corresponding measured
value of 1.71 dB at 6.36 GHz. The measured and computed minimum AR
frequency points are close to each other with a slight difference of 1.5%. From
these results it can be observed that the achieved 3 dB AR bandwidths are 5.63%
and 5.9% in the analysis and measurements, respectively. This represents an
increase of over 66% in both computations and measurements for the AR
bandwidth compared with those achieved using a single layer cylindrical DRA as
discussed in section 4.2. It should also be noted that this AR bandwidth is
substantially wider than what has been reported in the literature for cylindrical
DRAs. Furthermore, with reference to Figure 4.20, it can be seen that a sufficient
impedance matching bandwidth has been obtained throughout the achieved

circular polarization bandwidth.
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Figure 4.19: Axial ratio of the multilayer cylindrical DRA fed by a spiral metal.
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Figures 4.21 and 4.22 present the axial ratio beam-width. With reference to

the computational result, the DRA offers circular polarization over useful computed

beam-widths of 58°and 78°in the ¢ =0 and ¢ =90° planes, respectively.
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Figure 4.21: Axial ratio beam-width of the multilayer cylindrical DRA at¢ =0’
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Figure 4.22: Axial ratio beam-width of the multilayer cylindrical DRA at ¢ =90°

A comparison between the calculated and measured radiation patterns at
the optimum AR frequency is shown in Figure 4.23 with reasonable agreement. It
is evident from these results that this is a right-hand CP DRA, in which the RHCP
field is stronger than the LHCP field by more than 18 dB in the bore-sight direction.
Again, as in the case with the previous design, a left-thand CP DRA can be
attained by changing the square spiral arm winding from clockwise to counter
clockwise direction. Finally, the antenna gain of the multilayer cylindrical DRA has
been measured at bore-sight. The results are shown in Figure 4.24, where it can
be seen that the antenna offers a satisfactory gain of over 3 dBi across the whole
frequency range of the achieved circular polarization. The gain is lower than that
achieved by the single layer design due to the slight shift of approximately 5° in
the main beam from the bore-sight direction at the CP frequency band as can be

seen in Figure 4.23.
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Figure 4.23: Radiation patterns of the multilayer cylindrical DRA

at the optimum AR frequency point.

Gain (dBi)

—— Computed
— — Measured

6.1 6.2 6.3 6.4 6.5
Freq (GHz)

6.6

Figure 4.24: Gain of the multilayer cylindrical DRA fed by conformal spiral strips

4.4 Conclusions

In order to prove the versatility of a square spiral metal strip excitation introduced
in previous chapter, the excitation method has been applied to a cylindrical DRA.
This antenna configuration has achieved a 3 dB AR bandwidth of more than 3.4%,

which is higher than what has been reported in the literature for a singly-fed
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cylindrical DRA. The CP bandwidth is associated with a satisfactory gain of over 4
dB as well as an impedance matching bandwidth of approximately 14.3%.
Additionally, a novel approach has been introduced for further CP bandwidth
enhancement, which is based on employing a multilayer DRA. The results
represent an additional AR bandwidth increment of ~66% on top of the
enhancement achieved using the spiral excitation. Therefore, respective CP and
S11 bandwidths of ~5.6%, and 15% have been achieved by using the multilayer
cylindrical DRA. Throughout the research, a good agreement has been obtained

between experimental and theoretical results.
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CHAPTER 5

WIDEBAND CP DRAs USING

CONFORMAL RECTANGULAR

HALF-LOOP EXCITATION

5.1 Introduction

In this chapter, another variation of the conformal strip excitation scheme
developed in this research is introduced. Instead of employing spiral metal strips,
a simpler feeding method is proposed using a rectangular open half-loop antenna
to generate a wide CP bandwidth. Utilizing such an excitation scheme onto the
rectangular DRA designed in section 3 has provided results comparable to those
obtained using the spiral excitation. Additionally, the flexibility of this feeding
method has been demonstrated by employing the half-loop feed onto other regular

shaped DRAs such as cylindrical and hemispherical geometries.
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5.1.1 Problem Formulation

Although the square spiral feed can be used to achieve a wide CP radiation
from an arbitrarily shaped DRA, it has been noticed that the AR bandwidth is very
sensitive to the spiral dimensions. For example, a deviation of less than 1 mm in
the spiral dimension can significantly diminishes the DRA capability of radiating
CP wave. Therefore, the requirement to maintain a precisely small separation
distance between the spiral arms makes this approach difficult and time
consuming to follow especially in normal laboratory environment. This limitation is
particularly noticeable with curved DRA surfaces, where conformal strips with
precise dimension and spacing are needed.

As a result, a simpler feeding method capable of generating a broadband
CP radiation from regular, as well as irregular, shaped DRAs is needed. Such a
feeding mechanism is introduced, where a rectangular open half-loop antenna that
consists of three metallic strips has been employed for DRA excitation. In addition
to its simplicity, the proposed feed facilitates the incorporation of a concentric
parasitic half-loop that can be used to enhance the CP bandwidth further as
demonstrated in the next chapter.

It is well-known that a closed-loop antenna serves as a standing wave
resonant antenna and thus is commonly used in LP communication systems [1].
However, it has been proven theoretically in [2] that introducing a gap of
appropriate dimensions and placement within the closed-loop can induce a
travelling-wave current distribution along the loop. As a result, an open-loop

antenna can be used to generate CP radiation as reported in [3-5].
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5.2 Circularly Polarized Rectangular DRA

5.2.1 Antenna Configuration

Figure 5.1 presents the geometry of a rectangular DRA that has been
excited using a rectangular open half-loop antenna. The DRA has the dimensions
of a, b, ¢ and a dielectric permittivity of ¢, whereas the feeding structure has a
width of wy, a height of hy and a gap size of g4 located at a gap position of g,
within the metallic strips. The feed point is placed at a distance of d from the

nearest side wall.

v

v

strip 1 strip 3

—> X
d \ Feed point

Figure 5.1: Configuration of a rectangular DRA fed by a rectangular open half loop

The antenna configuration has been modeled using the method of
moments in conjunction with the combined RWG and SWG basis functions

described in Chapter 2, where the rectangular dielectric has been meshed to 2463
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tetrahedrons and the metallic strips to 59 triangular patches, giving a total of 5305
unknowns. Once more, an iterative design procedure has been employed to
determine the optimum dimensions of the feeding metallic strips that are needed
to establish a travelling-wave current distribution along the rectangular open half-
loop antenna as well as exciting a DRA mode within the same frequency range.
This travelling-wave current provides a circular polarization radiation and excites a
DRA mode within the CP frequency band. Since the travelling-wave current
distribution changes slowly with frequency, a broadband CP radiation is obtained.
In order to assess the performance of the open half-loop design, the
rectangular dielectric has the same parameters as those used in Chapter 3 with a
relative permittivity of & = 9.2, and dimensions of a = 26.1 mm, b =25.4 mm and ¢
= 14.3 mm [6]. The gap position, gp, has been optimized initially when the half-
loop dimensions are fixed as hg= wg= 10 mm, g¢=1 mm and d = 7.7 mm. Figure
5.2 shows the actual AR bandwidth and effective AR bandwidth, i.e. AR bandwidth
obtained in conjunction with impedance matching bandwidth, as functions of g,
when the gap was placed within strip 1, strip 2 and strip 3, respectively (labelled
as gp(1), ez and Gpes) in Figure 5.1). It should be noted that due to the convention
used for the gap position, g,1) = 0 mm is essentially the same as gy = 0 mm.
This also applies to gpz) =9 mm and g, = 0 mm. With reference to Figure 5.2,
the highest AR bandwidth of 4.06% has been obtained when gp1) = 1 mm. The
minimum S44 obtained using this feeding structure configuration has been

computed at a frequency of 3.71 GHz, with an AR that covers this frequency.
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Figure 5.2: AR bandwidth and Effective AR bandwidth as a function of gap

position, for gap placed within strip 1, strip 2 and strip 3

Table 5.1 presents the AR, impedance matching and the percentage
overlapping bandwidths for various half-loop dimensions, hs, and wg, when the
optimized g, is used and gy is fixed to 1 mm. The results illustrate that the CP
radiation can be attained easily using strips’ dimensions range of 9 to 13 mm,
which is a desired feature in the DRA design. On the contrary, there is a significant
change in the Si1 bandwidth for different strip’s dimensions. Based on these
results, the optimized dimensions for the half-loop are hg= wg=13 mm. The reason
for such an open loop configuration producing a good AR and S11 bandwidths is
due to the presence of travelling-wave current distribution along the metal strip, as
discussed in the next section. Using the optimized dimensions, the computed

minimum S11 has been determined at a frequency of 3.50 GHz.
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Height, | Width, 3db AR -10dB S11 Overlapping AR & S11
ha (mm) [ wd (mm) Bandwidth (%) Bandwidth (%) Bandwidth (%)

9 3.39 7.86 53
10 3.69 8.17 42
9 11 4.01 4.98 11
12 4.63 1.32 0
13 4.94 4.24
9 3.69 10.32 88
10 4.06 13.6 100
10 11 4.65 15.05 100
12 4.91 3.05 58
13 5.19 3.05 58
9 3.95 13.42 94
10 4.32 15.63 100
11 11 4.63 17.07 100
12 4.9 5.66 97
13 5.27 5.40 88
9 4.07 10.14 79
10 4.65 13.33 100
12 11 4.27 17.66 100
12 4.85 23.46 100
13 5.42 4.86 76
9 4.59 2.45 5
10 4.96 4.27 100
13 11 5.04 5.75 100
12 5.44 22.15 100
13 6.50 18.74 100

Table 5.1: AR and S11 bandwidths for different dimensions of the half-loop feed

By employing the aforementioned optimized dimensions together with gq =

1 mm, the position of the gap has been optimised once more, where it has been

noticed that the optimum overlapping bandwidth can be achieved when the gap is

located at a distance of 10-14 mm from the feed point as shown in Table 5.2.

Furthermore, when the optimized hqg, wg, and g, are used, varying gs has little

effect on the AR bandwidth compared to that on the S11 bandwidth as

demonstrated in Table 5.3.



Table 5.2: AR and S11 bandwidths for different position of gap

Gap size, 3db AR -10dB S11 Overlapping AR & S11
gd (mm) Bandwidth (%) | Bandwidth (%) Bandwidth (%)
0.25 6.26 21.02 100
0.5 6.35 19.95 100
0.75 6.43 19.42 100
1 6.50 18.74 100
1.25 6.56 15.32 96
1.5 6.64 12.46 93
1.75 6.69 7.89 85
2 6.71 4.35 64

Table 5.3: AR and S11 bandwidths for different g4
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Distance of gap from 3db AR -10dB S11 Overlapping AR & S11
feed point (mm) Bandwidth (%) | Bandwidth (%) Bandwidth (%)

9 0 15.95 0

10 5.52 15.43 100
11 6.50 18.74 100
12 5.91 19.02 91

13 5.56 19.52 69
14 4.91 10.34 41

15 1.43 5.59 16

5.2.2 Results and Discussions

A prototype of a rectangular DRA that is excited using open half-loop
antenna is illustrated in Figure 5.3. From the results obtained using the iterative
design procedure, the used optimized dimensions of the feeding loop are hg= wq =
13 mm, ga= 1 mm, d= 6.5 mm and the gap is located at a distance of 11 mm from
the feed point. The half-loop, has been connected to the ground plane at two ends
using a conductive silver paint. The measurements have been conducted using

the same set-up described in Chapter 3.
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Figure 5.3: A rectangular DRA excited using open half-loop antenna

The computed and measured input impedance and return losses are shown
in Figures 5.4 and 5.5, respectively, where it can be observed that good
agreement has been achieved between the two sets of results. The impedance
matching has been attained over bandwidths of 18.74% and 21.8% in the
theoretical and experimental results, respectively. The minimum S41 has been
computed at a frequency of 3.50 GHz compared to 3.59 GHz in the
measurements, which constitute a marginal difference of 2.5%. These results
agree reasonably well with a predicted resonance frequency of 3.8 GHz for the
TEY111 mode in which the DRA is excited, as calculated using DWM method
proposed in [7]. As reported in [6], the broadside TEY111 mode of this DRA has a
strong magnetic field near the ground plane; hence it can be excited by a half-loop
antenna that has a maximum current magnitude at that point to generate CP
radiation within this mode. The EM fields distribution across the rectangular DRA

operating in this mode has been shown in Figure 3.6.
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Figure 5.4: Input impedance of a rectangular DRA fed using a half-loop
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Figure 5.5: Return losses of the rectangular DRA
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Furthermore, the current distribution has been studied where it has been
observed from Figure 5.6 that a travelling-wave current distribution has been
attained along the feeding strips with a smoothly decaying magnitude and
approximately linear phase progression. Along the first metallic strip, the
magnitude of current decreases to zero rapidly, owing to the limited distance
between the feed point and gap. The rectangular half-loop has a perimeter of ~1Ag¢
at 3.24 GHz that represents the first-mode of radiation band, for which the
conditions are ideal for CP wave radiation [8, 9]. Changing the aspect ratio of the
one wavelength perimeter maintains the travelling wave nature of the current as
long as 9 < wyg <15 mm, otherwise a folded-dipole is formed on the DRA surface
that only supports standing wave current, hence making the rectangular DRA
radiates LP wave only. This may also results in a noticeable shift of the feed point

position which effects the excited resonance mode and hence the S11 bandwidth.
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Figure 5.6: Current distribution along the feeding strips at 3.24 GHz
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The variation of the bore-sight axial ratio as a function of frequency has
been computed and measured as shown in Figure 5.7, where it can be noticed
that the minimum computed AR value is 1.6 dB at 3.24 GHz, which is close to the
corresponding measured value of 1.3 dB at 3.26 GHz. From these results it can
be seen that the theoretical 3dB AR bandwidth extends from 3.14-3.35 GHz
compared to 3.14-3.39 GHz in the measurements. As a result, a CP radiation has
been achieved over bandwidths of 6.50% and 7.75% in the analysis and
measurements, respectively, which is comparable to that obtained using the spiral
excitation as discussed in section 3.2.2. Furthermore, with reference to Figure 5.8,
it can be observed that a sufficient impedance matching bandwidth has been
obtained throughout the whole frequency band of the achieved circular

polarization.
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Figure 5.7: Axial ratio of a rectangular DRA fed by half-loop strip
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The theoretical and experimental variations of the axial ratio with the

elevation angle are demonstrated in Figures 5.9 and 5.10, which show that the

rectangular DRA offers CP radiation over a useful beam-widths of over 98¢ in both

$=0" and ¢ =90" planes at the minimum AR frequency.
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Figure 5.9: Axial ratio beam-width of the rectangular DRA at¢ = 0"
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Figure 5.10: Axial ratio beam-width of the rectangular DRA at¢ =90°

Figure 5.11 presents the calculated and measured bore-sight gain of the
rectangular DRA fed by an open half-loop antenna, where it can be noticed that a

useful gain of over 4dBi has been achieved throughout the obtained circular

polarization bandwidth.
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Figure 5.11: Gain of the rectangular DRA
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Additionally, the computed and measured radiation patterns are presented
in Figure 5.12, where it can be seen that good agreement has been achieved
between the two sets of results. The radiation patterns are stable throughout the
CP frequency band. With reference to Figure 5.12(b), which shows the radiation
pattern taken at minimum AR frequency, an isolation of more than 20 dB has been
achieved between the co-, and cross-, polarization components. It is evident from

these results that this is a right-hand CP DRA, as RHCP is the stronger field.

(=]
Figure 5.12: Radiation pattern of the rectangular DRA at (a) starting, (b) minimum,

and (c) ending of AR frequencies
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5.3 Circularly Polarized Cylindrical DRA

5.3.1 Antenna’s Configuration

The versatility of the rectangular half-loop feeding method is demonstrated
next, by employing such an excitation scheme onto the single layer cylindrical
DRA used previously in section 4.2, as illustrated in Figure 5.13. The DRA has a
radius of a, a height of h and a dielectric constant of ¢, whilst the feeding structure
has a width of wy, a height of hy, and a gap size of gq located at a gap position of

gp Within the metallic strips.

<« .679(2) o B

Feed point

Figure 5.13: Configuration of a cylindrical DRA

excited by an open half-loop antenna
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The antenna configuration has been simulated using the method of
moments, where the cylindrical dielectric has been meshed to 2470 tetrahedrons
and the metallic strips to 59 triangular patches, giving a total of 5323 unknowns.
The optimum dimensions of the feeding metallic strips that are required to
establish a travelling-wave current distribution along the half-loop, as well as
exciting a DRA mode within the same frequency range, have been determined
after employing an iterative design procedure.

In order to assess the performance of the cylindrical DRA fed by an open
half-loop design, the parameters of the cylindrical dielectric have been chosen
similar to those used in Chapter 4, that is h = 10.54 mm, a=7.01 mm and ¢ = 9.2
[10]. Initially, in order to obtain the optimized gap position, g,, the half-loop
dimensions were fixed to hg = 10.54, wg= 10 mm and g¢ = 1 mm. The simulation
results of the actual and effective AR bandwidths are shown in Figure 5.14 when
the gap is placed at any of the three copper strips. Again, due to the convention
used for the gap position, Gp7) = 0 mm is essentially the same as Gpz = 0 mm.
This also applies to gpz = 9 mm and gpi3 = 0 mm. Based on the results from
Figure 5.14, it can be observed that the highest effective AR bandwidth of 3.01%
was obtained when the gap is located within strip 3 at gp3 = 1 mm. This
effectively means the optimum g, is located between the last two metallic strips as
shown in Figure 5.13. The minimum S11 obtained using this feeding structure

configuration has been computed at a frequency of 5.8 GHz.
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Figure 5.14: Actual and Effective AR bandwidths as functions of the gap position

The results obtained from the optimization process for parameters hy and
wq, using optimized g, and go = 1 mm, are shown in Table 5.4, where the change
in the AR bandwidth remains relatively stable in contrast to the fluctuation in the
S11 bandwidth when the half-loop width is varied within a range of 8 < wy <10 mm
for a given height value in the range of 7.54 < hg <10.54 mm. Based on these
results, hg and wy have been adjusted to attain optimum respective values of
10.54 mm, and 10 mm that provide maximum AR and impedance matching
bandwidths. Consequently, the results for different value of gs are shown in Table
5.5, when the optimized parameters of hg, Wy and g, are employed. With reference
to the table, an optimum value of g4 is 2 mm has been chosen as it proved an AR
bandwidth of 3.63%. The minimum Si1 obtained using this feeding structure

configuration has been computed at a frequency of 3.77 GHz.
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Height, Width, 3db AR -10dB S11 Overlapping AR & S11
ha (mm) | wa (mm) | Bandwidth (%) | Bandwidth (%) Bandwidth (%)

7 0 7.71 0
754 8 1.29 11.81 71
9 1.46 7.71 100
10 1.96 12.6 100
7 0 8.96 0
8.54 8 1.81 14.27 87
9 2.1 17.62 100
10 2.47 21.98 100
7 0 12.04 0
954 8 2.77 16.13 100
9 3.05 21.21 100
10 2.87 20.63 100
7 0 14.32 0
10.54 8 2.36 21.18 100
9 3.15 22.71 100
10 3.01 20.41 100

Table 5.4: AR and S11 bandwidths for different dimensions of the half-loop feed

Gap size, 3db AR -10dB S11 Overlapping AR & S11
gd (mm) Bandwidth (%) Bandwidth (%) Bandwidth (%)

0.25 2.53 21.61 100

0.50 2.79 21.99 100

0.75 2.97 22.18 100

1.00 3.15 22.71 100

1.25 3.32 22.97 100

1.50 3.44 23.20 100

1.75 3.61 23.40 100

2.00 3.63 22.23 100

2.25 3.63 23.81 100

2.50 3.43 23.91 100

2.75 3.08 23.84 100

3.00 2.29 23.98 100

Table 5.5: AR and S11 bandwidths for different gap sizes
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5.3.2 Results and Discussions

Figure 5.15 presents the prototype of a cylindrical DRA that is excited using
open half-loop. Based on Table 5.4 and Table 5.5, the optimized dimensions of
open half-loop metal strips are found to be hg = 10.54 mm, wqg =9 mm and gq= 2

mm.

Figure 5.15: A cylindrical DRA excited by an open half-loop antenna

Good agreement has been obtained between the computed and measured
input impedance and return losses as shown in Figures 5.16 and 5.17,
respectively, with slight discrepancy owing to employing a finite ground plane and
experimental tolerance. Additionally, the light weight of this DRA made it difficult to
totally eliminate the potential air gaps. From Figure 5.17, the return losses
bandwidth has been computed to be 22.2%, which is slightly higher than 20.55%
in the measurements. There is a marginal difference of 1.55% between the two
sets of results as the minimum S11 has been computed 5.76 GHz compared to
5.85 GHz in the measurements. Consequently, the results agree well with the

predicted resonance frequency of 5.61 GHz for the TEo1s mode calculated using



Chapter 5: Wideband CP DRAs using Conformal Rectangular Half-Loop Excitation 134

DWM method, in which the DRA is excited. The distribution of fields across the

cylindrical DRA operating in this mode has been presented in Figure 4.5.
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Figure 5.16: Input impedance of the cylindrical DRA
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Figure 5.17: Return losses of the cylindrical DRA
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Figure 5.18: Current distribution along the half-loop strip at 5.85 GHz.

Additionally, a travelling-wave current distribution has been obtained along
the half-loop at the frequency band of operation as shown in Figure 5.18. The half-
loop has perimeter of ~1.19A; at 5.85 GHz. The antenna exhibits strong CP
radiation as the loop’s one-wavelength circumference supports the first-mode of
radiation. Figure 5.19 shows the computed and measured axial at the bore-sight
direction, where it can be seen that the minimum computed AR value is 1.23 dB at
5.85 GHz, compared to the corresponding measured value of 1.25 dB at 5.94
GHz. From these results it can be observed that the achieved 3 dB AR bandwidths
are 3.63% and 4.14% in the analysis and measurements, respectively, which is
comparable to the results obtained by the cylindrical DRA of similar dimensions
using the spiral excitation albeit with a simpler feeding method. Furthermore,

based on Figure 5.20, it can be seen that a sufficient impedance matching
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bandwidth has been attained throughout the achieved circular polarization

bandwidth.
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Figure 5.19: Axial ratio of the cylindrical DRA fed by a open half-loop strips.
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The axial ratio beam-width is shown in Figures 5.21 and 5.22. With

reference to the computational result, the DRA offers circular polarization over a
measured beam-widths of 63° and 40°in the ¢ =0" and ¢ =90° plane, respectively.

As expected, the beam-width in the 0° plane is wider than that in the 90° plane

because the height of the rectangular loop is longer than its width [11].
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Figure 5.21: Axial ratio beam-width of the cylindrical DRA at¢ =0°
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Figure 5.22: Axial ratio beam-width of the cylindrical DRA at ¢ =90’



Chapter 5: Wideband CP DRAs using Conformal Rectangular Half-Loop Excitation ~ 138

Additionally, the gain of the cylindrical DRA has been measured at bore-
sight. The results are shown in Figure 5.23, where it can be observed that the
antenna offers a satisfactory gain of more than 4dBi across the frequency range in
which a CP wave is radiated. Comparisons between the calculated and measured
radiation patterns across the AR frequencies are shown in Figure 5.24 with
reasonable agreement, where it can be noticed that the patterns are stable
throughout the whole frequency range of the achieved circular polarization. With
reference to Figure 5.24 (b), it is evident that this is a right-hand CP DRA, in which

the RHCP field is stronger than the LHCP field by more than 18 dB and 22 dB in

the bore-sight direction in the ¢ =0" and ¢ =90" plane, respectively.
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Figure 5.23: Gain of a cylindrical DRA fed by an open half-loop.
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Figure 5.24: Radiation pattern of the cylindrical DRA at

(a) starting, (b) minimum, and (c) ending of AR frequencies
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The performances of the rectangular and cylindrical DRAs fed using the
excitation schemes proposed in this research are summarized in Tables 5.6 and
5.7. For comparison purposes, the results from published literature are included in
the reference column. From the tables, it is evident that the DRAs excited using
the new feeding methods have produced considerably wider CP bandwidths
compared to those reported in the literature for identical singly-fed DRAs. The
discrepancy in the S11 bandwidth achieved using square spiral and open half-loop
excitation can be attributed to the relative strength of power coupled between the
feed and the DRA, which is highly dependent on the location and type of feed [12].
Also, it should be noted that the DWM method is an approximate technique. The
resonance frequency computed using a more rigorous method such as MoM
usually lies within 10% [7] from those predicted by the simple DWM method, owing

to several factors such as coupling efficiency and load of feed.

-10dB S11 3dB AR Resonance Excited Mode &
Bandwidth | Bandwidth Frequency Frequency predicted
(%) (%) (GHz) using DWM method
Reference [6] 14 2.7 3.55
Square spiral 8.5 6.6 4.1 TEY151 (3.80 GHz)
Rectangular open half-loop 18.7 6.5 3.5

Table 5.6: Performance for various rectangular DRA configurations

-10dB Resonance Excited Mode &
S11 3dB AR Frequency Frequency predicted
Bandwidth | Bandwidth (GHz) using DWM method
Reference [10] 22 2.2 6.38
Square spiral 15.7 3.48 5.89 TEo15(5.61 GHz)
Rectangular open half-loop 22.23 3.63 5.76

Table 5.7: Performance for various cylindrical DRA configurations
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5.4 Circularly Polarized Hemispherical DRA

The versatility of this excitation scheme is demonstrated further by employing the
conformal rectangular half-loop metal feed onto a hemispherical DRA. Since this is
the first time such geometry is used in this research, it would be appropriate to

briefly discuss the characteristics of a hemispherical DRA.

5.4.1 Degree of Freedom and Resonant Modes

In comparison with other regular DRA shapes, such as rectangular and
cylindrical, hemispherical offers the least flexibility in choosing the design
parameters. The hemispherical DRA has zero degree of freedom since both the
resonance frequency and the radiation Q-factor are exclusively dependent on the
radius, as well as the DRA permittivity. Furthermore, the fabrication of a
hemispherical DRA is relatively difficult and more expensive than other regular
DRA geometries. However, interest in hemispherical DRA remains strong since
this is the only shape for which an exact analytical solution to describe the various
field mode configurations is possible.

A hemispherical DRA is able to support TM and TE modes. The modes in

each category are classified as TMmnr and TEmn. The mode indices denote the
variation of the fields in the elevation (m), azimuth (n) and radial directions (r),

respectively. The lowest order and most common mode of the hemispherical DRA
is TE111 mode. The far field radiation pattern emanates from DRA in this mode is

similar to those radiated from a short horizontal magnetic dipole. For the TE111
mode of a hemispherical DRA, the resonance frequency can be calculated by

solving the characteristics equation given in [13]:
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J% (\/zkoa) _ H%)(koa)
J% (\/gkoa) \/ZH(I/Z)(kOa) (5-1)

2

where ko is a complex number that denotes the free space wavenumber, J is the
first order Bessel function and H@ is the second order Henkel function. Once the
solution of ko, has been obtained, the resonance frequency, fo can be determined

using the following expression [14].

47713 Re(k,a)

a

fo (5-2)

where a denotes the radius of the hemisphere in cm, and fyis expressed in GHz.

5.4.2 Antenna Configuration

Wq

A
v

Feed point

Figure 5.25: Configuration of a hemispherical DRA

excited by a rectangular half-loop antenna
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The geometry of a single layer hemispherical DRA that has been excited
using a half-loop antenna is presented in Figure 5.25, where the DRA has a radius
of a, and a dielectric constant of ¢. The feeding half-loop has a width of wy, a
height of hs and a gap size of gy that is placed at a distance of g, from the
beginning of a strip. The antenna configuration has been modeled using the
method of moments together with the combined RWG and SWG basis functions,
where the hemispherical dielectric has been meshed to 2352 tetrahedrons and the
metallic strips to 74 triangular patches, giving a total of 5124 unknowns.

The parameters of the hemispherical dielectric are similar to those used in
[15], that is, a = 12.55 mm and & = 9.5. An iterative design procedure has been
applied to determine the optimum dimensions of the feeding metallic strips that are
required to attain a travelling-wave current distribution. For the initial simulations to
determine the gap position, g,, the half-loop dimensions have been fixed to hq =
wg = 10 mm with a gap width of g¢ = 1 mm. Figure 5.26 shows the actual and
effective AR bandwidths as functions of g, when the gap was placed within each
individual strip. It can be noticed from these results that the highest effective AR
bandwidth of 2.22% has been obtained when the gap was placed within strip 3 at
Jp3 = 0 mm (essentially the same as when the gap was placed within strip 2 at
Jdpz =9 mm). This effectively means the optimum g, is located between the last
two metallic strips as illustrated in Figure 5.25. The minimum S+4 obtained using
this feeding structure configuration has been computed at a frequency of 5.66

GHz.
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Figure 5.26: AR bandwidth and Effective AR bandwidth as a function of gap

position, for gap placed within strip 1, strip 2 and strip 3

Table 5.8 presents the AR and impedance matching bandwidths as well as
the percentage overlapping bandwidth for various values of hqg, and wy when gq =
1 mm and the optimized g, has been employed. The optimization process has
shown that the CP radiation is achieved for various dimensions of the half-loop,
which is a desired feature in the DRA design. With reference to the results of
these simulations, the optimized parameters which yield maximum effective AR
bandwidth (i.e. 2.22%) are given by hg = wy = 10 mm. Additionally, the results for
different values of g4 are shown in Table 5.9, after these optimized parameters of

hg, wg and g, have been applied.
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Height, | Width, 3db AR -10dB S11 Overlapping AR & S11
ha ws | Bandwidth (%) | Bandwidth (%) Bandwidth (%)
9 0 5.90 0
9 10 5.45 6.80 0
11 6.86 12.02 18
12 6.94 7.91 15
9 0 6.14 0
10 10 7.31 8.31 30
11 6.98 6.02 32
12 5.47 13.76 17
9 3.43 9.50 48
11 10 7.52 4.26 18
11 6.36 5.52 20
12 5.10 6.78 25
9 2.99 5.15 56
12 10 6.21 13.91 12
11 5.34 4.01 0
12 4.28 7.58 0

Table 5.8: AR and S11 bandwidths for different dimensions of the half-loop feed

Gap size, 3db AR Bandwidth -10dB S11 Bandwidth | Overlapping AR & S11
gd (%) (%) Bandwidth (%)
0.5 4.31 8.43 38
1.0 7.31 8.31 30
1.5 3.63 8.23 18
2.0 0 8.11
2.5 0 8.12
3.0 0 8.12 0

Table 5.9: AR and S11 bandwidths for different gap sizes

Although several simulations have been conducted to determine the
optimized parameters of the half-loop, the achieved effective AR bandwidth of
2.22% is relatively smaller than what has been achieved in earlier studies for a
singly-fed CP hemispherical DRA discussed in section 1.3.2.2. As can be
observed from Table 5.8, the overlapping AR and S11 bandwidth can be increased

if a wider impedance matching bandwidth is obtained or if the S11 bandwidth is
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shifted closer AR frequency band. This can be achieved by incorporating an
integrated stub to the feeding structure so that input impedance matching can be
adjusted as desired [16]. The stub’s length /s, width ws, and position ps play an
important role towards achieving a perfectly matched system. Figure 5.27 shows
the geometry of a hemispherical DRA that has been excited using an open half-

loop antenna with a stub matching connected along strip 1.

ol
Feed point y

Figure 5.27: Configuration of a hemispherical DRA

excited by a rectangular half-loop antenna with a matching stub.

Table 5.10 shows the results for the optimization of psand Is when hg = wy =
10 mm, go = 0 mm, g¢ = 1 mm and ws is fixed at 1 m. Subsequently, once the
optimized parameters of ps and /s have been applied, the stub width, ws, can also
be adjusted as shown in Table 5.11. From these tables, the optimized parameters
of the stub are ps=4 mm, Is = 2 mm and ws =2.5 mm. The minimum S11 obtained

using this configuration has been computed at a frequency of 5.66 GHz.
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Stub position, Stub length, 3db AR -10dB S11 Overlapping AR & S11
ps (Mm) Is (mm) Bandwidth (%) [ Bandwidth (%) Bandwidth (%)

1 1 6.19 5.77 87
2 4.52 4.7 93
2 1 5.8 5.96 97
2 3.56 5.53 100
3 1 5.75 6.69 100
2 5.85 6.29 100
4 1 6.40 7.48 100
2 6.69 8.08 100
5 1 6.58 7.66 100
2 6.31 8.14 100
6 1 1.86 7.49 100
2 1.77 7.82 100
7 1 1.74 7.29 100
2 0.91 7.08 100
8 1 2.15 6.61 100
2 0.24 6.53 100

Table 5.10: AR and S11 bandwidths for different dimensions of ps and /s

Stub width, 3db AR -10dB S11 Overlapping AR & S11
ws (mm) Bandwidth (%) Bandwidth (%) Bandwidth (%)
0.5 5.27 8.03 98
1 6.69 8.08 100
1.5 6.88 8.43 100
2 7.06 8.74 100
2.5 7.61 9.36 100
3 1.62 9.29 100

Table 5.11: AR and S11 bandwidths for different stub widths

Figure 5.28 compares the performances of the DRA when the optimized

matching stub is added onto the feed. It is evident that the inclusion of the stub
has negligible impact on the AR bandwidth in contrast to the drastic change in the
value of return loss. This is expected since the stub produces pure reactance at
the attachment point [16]. The addition of this reactance which can be either

capacitive or inductive, depending on the electrical length of the stub, alters the
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total reactance of the half-loop feed. Hence, the S11, derived from the antenna’s
input impedances changes significantly. Additionally, it can be observed from the
figure that the DRA has excited two modes at ~4 GHz and ~5.6 GHz. Those
modes have been identified using an Eigen mode solver in CST microwave studio
as TE111 and TE122, with predicted resonance frequencies of 3.98 GHz and 5.2
GHz, respectively. The EM fields of a spherical DRA, with radius of a, operating in
these modes are shown in Figures 5.27 and 5.28. As can be seen from Figure
5.29 (b) and 5.30 (b), there is a strong magnetic field presence along the DRA
surface near the ground plane. Therefore, it is possible to excite both modes by
attaching the half-loop to this area, as the maximum current magnitude at the feed

point induces strong coupling between the feed and the DRA.

[ (] £

—

- =
Axial Ratio (dB)

1
[ ]

—— S11 (without stub)

[
1
[95]

— — AR (without stub)
220 - — — AR (with stub)
—— 511 (with stub) 1+
'25 1 1 1 1 1 1 -5
3.0 35 4.0 4.5 5.0 5.5 6.0 6.5
Frequency (GHz)

Figure 5.28: Axial ratio and return loss of DRA fed by half loop with or without stub
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Figure 5.29: EM Fields distribution for TE111 mode; (a) E-field and (b) H-field
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Figure 5.30: EM Fields distribution for TE122 mode; (a) E-field and (b) H-field

Further enhancement of the wideband CP radiation can be made by
employing a multilayer structure as discussed in section 4.3.1. Therefore, a
hemispherical air gap has been introduced inside the existing DRA as shown in
Figure 5.31. The parameters of the half-loop metal strips used in section 5.3 are
retained. Several simulations have been conducted using different radii of the

inner layer air gap, a>. The AR bandwidth and its corresponding resonance
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frequency versus the dimensions of inner layer air gap are presented in Figure
5.32. It should be noted the graph only shows the AR bandwidth achieved when
the DRA is operating in the TE111 mode. As a increases, the resonance frequency
also increases due to the decrease in the effective permittivity as the air gap
dominates the structure. Additionally, the results have been compared with Figure
2 (a) in [17], which shows the resonance frequency of an identical multilayer
hemispherical DRA calculated using mode-matching method, where close
agreement can be observed for the resonance frequency. The performances of
the multilayer hemispherical DRA with an optimized radius of a2 = 7 mm is
illustrated in Figure 5.33. In comparison with single layer DRA, it is evident that the
addition of inner layer air gap has significantly increased the AR bandwidth from

3.56% to 11.19% as well as the S11 bandwidth from 9.36% to 10.43%.

Outer Layer
Dielectric (Alumina)

Conformal rectangular
half-loop metal strips

Figure 5.31: Configuration of a multilayer hemispherical DRA

(Inset: side-bottom view of the multilayer hemispherical DRA)
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Figure 5.33: Axial ratio and return loss of DRA fed by half loop with or without stub
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5.4.3 Results and Discussions

5.4.3.1 Circularly Polarized Single Layer Hemispherical DRA

Due to a cost constraint, only a prototype of a multilayer hemispherical has
been built. For the single layer hemispherical, the results from simulation by MoM
have been compared with those obtained from the commercial CST microwave
studio software. From results obtained using iterative design procedure, the
optimized dimensions of the feeding structure are found to be hg= wg= 10 mm, gq
=1 mm, ps =55 mm, s =2 mm and ws = 2.5 mm. In the CST simulations, a
discrete port of length 0.25 mm has been used as a source feed to the half-loop
metal, which has a strip width of 1 mm. Additionally, a hexahedral mesh type of
30 mesh lines per wavelength with an accuracy of -50 dB has been used within a
wide frequency range of 4.5 to 6.5 GHz.

The computed return losses are presented in Figure 5.34, where it can be
seen that a good agreement has been achieved between the MoM and CST
results. The corresponding input impedances are shown in the inset of Figure
5.34. It is found that the impedance matching has been attained over bandwidths
of 9.36% and 9.92% in the MoM and CST computations, respectively. The
minimum S11 frequency points have been computed as 5.66 GHz and 5.55 GHz in
the MoM and CST simulations, respectively, which represents a marginal
difference of ~2% between the two sets of results. These resonance frequencies
agree reasonably well with that of 5.2 GHz for the TE122 mode in which the DRA is

excited, as predicted by CST Eigen mode sover.
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Figure 5.34: Return losses and input impedances of the hemispherical DRA

The variation of the bore-sight axial ratio as a function of frequency is
presented in Figure 5.35, where it can be noticed that the 3 dB AR bandwidth has
been achieved over bandwidths of 7.61% and 7.42% in the MoM and CST
computations, respectively, which is significantly higher than the typical singly-fed
CP hemispherical DRA bandwidth of ~4%. With reference to Figure 5.36, it can
be noticed that a sufficient impedance matching bandwidth has been obtained
throughout the whole frequency band of the achieved circular polarization.
Furthermore, analysis of the axial ratio as a function of the elevation angle at the

minimum AR frequency shows that the hemispherical DRA offers CP radiation
over a beam-widths of 17° and 11° in ¢=0" and ¢=90" planes, respectively.

Figure 5.37 shows the radiation patterns for MoM and CST computations, where it
can be noticed that an excellent agreement has been achieved between the two

sets of results. An isolation of more than 20 dB has been achieved between the
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co-, and cross-, polarization components in both planes and it is evident from

these results that this is a right-hand CP DRA.

Figure 5.35: Axial ratio of a hemispherical DRA fed by half-loop strip
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Figure 5.37: Radiation pattern of the DRA at minimum AR frequencies

5.4.3.2 Circularly Polarized Multilayer Hemispherical DRA

Figure 5.38 presents a prototype of the hollow, or multilayer, hemispherical
DRA that is excited using a rectangular half-loop. The antenna has been built

based on the optimized parameters obtained using the iterative design procedure.

Figure 5.38: A multilayer hemispherical DRA excited by

a rectangular half-loop antenna
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The computed and measured input impedance and return losses are shown
in Figures 5.39 and 5.40, respectively, where it can be seen that a reasonable
agreement has been obtained between theory and experiment. The return losses
bandwidth has been computed to be 10.43% which is slightly higher than 10.32%
in the measurements. The minimum S41 has been computed at 4.09 GHz
compared to a measured value of 4.3 GHz. Consequently, the results agree well
with the expected resonance frequency of 3.98 GHz for the TE411 mode in which
the DRA is excited, as predicted by the CST Eigen mode solver. Furthermore, a
travelling-wave current distribution has been achieved along the rectangular half-
loop at the frequency band of operation as illustrated in Figure 5.41. The half-loop
has perimeter of 1.05Ay at 4.5 GHz that supports the first-mode of radiation, for

which the conditions are ideal for wave radiation.
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Figure 5.39: Input impedance of the multilayer hemispherical DRA
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Figure 5.42 presents the computed and measured axial ratio at the bore-
sight direction, where it can be seen that the minimum computed AR value is 1.55
dB at 4.5 GHz, compared to the corresponding measured value of 1.58 dB at 4.56
GHz. From these results, the achieved 3 dB AR bandwidths are 11.19% and
11.15% in the analysis and measurements, respectively. Furthermore, the
overlapping AR and S41 bandwidths from computations and measurements are
shown in Figure 5.43. Based on the results, the theoretical effective AR bandwidth
is found to be 8.5% compared to 8.4% in the experiment. It should be noted that
the effective AR bandwidth can be increased to 10.4% and 10.7% in the
computations and measurements, respectively, if a threshold of S11<-7.5dB is
considered, which corresponds to a voltage standing wave ratio (VSWR) of 2.5.
Such an impedance matching criteria has been employed in earlier studies and

has been considered to be acceptable [18]-[19].
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Figure 5.42: Axial ratio of the multilayer hemispherical DRA

fed by a rectangular half-loop strips.
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The variation of the axial ratio as a function of elevation angle is shown in

Figures 5.44 and 5.45, where it can be notice that the computed AR beam-widths

are 26° and 81° in the ¢=0" and ¢=90"plane, respectively. Furthermore, the

calculated and measured radiation patterns across the AR bandwidth are shown in

Figure 5.46, where a reasonable agreement can be observed between the two

sets of results. It is noticeable that the patterns are stable throughout the whole

CP frequency range. From Figure 5.46 (b), it is evident that this is a right-hand CP

DRA, in which the RHCP field is stronger than the LHCP field by more than 20 dB

in the bore-sight direction for both principal planes. Finally, the antenna gain of the

multilayer DRA is shown in Figure 5.47, where it can be observed that the DRA

offers a useful gain of more than 4dBi across the frequency range of the achieved
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circular polarization until 4.40 GHz where the gain decreases steadily to

approximately 1.50 dB at the ending AR frequency
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Figure 5.44: Axial ratio beam-width of the DRA at¢ =0°
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Figure 5.45: Axial ratio beam-width of the DRA at ¢ =90°
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Figure 5.47: Gain of the multilayer hemispherical DRA

5.5 Conclusions

A simpler feeding method that can be used to achieve broadband circularly
polarized singly-fed DRAs is presented. The proposed method is general and
applicable to DRAs of any geometry as proven by application of the rectangular
half-loop onto a rectangular, cylindrical and hemispherical dielectric. The CP
bandwidth achieved in each case is considerably higher than those reported in the
literature for a singly-fed DRA of the same shape. In all cases, the theoretical and
experimental results agree reasonably well with each other. Additionally, the CP
radiation is not sensitive to the dimensions of the half-loops, which means it can

be obtained without difficulty.
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CHAPTER 6

AR BANDWIDTH ENHANCEMENT

OF CP DRAs USING a PARASITIC

HALF-LOOP

6.1 Introduction

In addition to its simplicity, the rectangular open half-loop excitation scheme
facilitates the incorporation of a concentric parasitic half-loop. For a single loop
antenna, the addition of a parasitic element can create another minimum AR point.
By optimizing the dimensions of the two loops, two minima AR points, which
resonate at frequencies that are close to each other, can be generated. As a
result, the combination of the two AR bands leads to a significant enhancement in

the overall circular polarization bandwidth. Employing this approach results in
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improving the AR bandwidth without a noticeable increase in the antenna’s
complexity and profile since the parasitic element can be conveniently placed
inside the driven half-loop antenna.

Enhancing the CP bandwidth of a loop antenna by adding a parasitic
element is a well known procedure that has been reported in earlier studies [1-5].
For instance, the addition of a parasitic element inside a circular loop antenna has
resulted in the increase of AR bandwidth from 6.5% to 20% [1]. In a later study [2],
a pair of parasitic rhombic loops has been placed inside a dual-rhombic loop. The
AR bandwidth of this configuration was found to be 46%, which is more than three
times wider than those achieved without the parasitic element. Additionally, the
combination of two AR bands from a dual rhombic loop antenna with double
parasitic loops has contributed to a very significant increase in the AR bandwidth
from 3% to 23.7%, as reported in [3]. The effects of adding a pair of parasitic loop
inside dual rectangular loop antenna has been investigated in [4], in which the 3dB
AR bandwidth has been reported as 46% compared to 18% without the parasitic
elements. Furthermore, the incorporation of a parasitic circular loop onto a probe-
fed CP circular loop antenna has generated a wide CP bandwidth of 16%,
compared to less than 6% for a single loop [5].

In this chapter, CP rectangular and cylindrical DRAs that are excited using
driven and parasitic half-loops are studied rigorously. The addition of the parasitic
elements has significantly increased the CP bandwidths compared to those from

the same DRAs excited using a driven element only.
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6.2 CP Rectangular DRA Excited Using Concentric Half-Loops

6.1.1 Antenna Configuration

The geometry of a rectangular DRA fed by an open half-loop antenna in the
presence of a concentric parasitic open half-loop is presented in Figure 6.1. The
feeding structure consists of driven and parasitic elements. The driven half-loop is
connected to the coaxial cable, while the parasitic half-loop is excited through
electromagnetic coupling with the driven counterpart. As explained earlier, the
driven element has a width of wy, a height hy and a gap size of g4 located at a gap
position of gp. The parasitic element is placed inside the driven loop antenna and
has respective width and height of w, and h,. The parameters of the gap within

this parasitic element follow those within the driven element.

dd
Gp(1) Igd

4 ” ™ feed point

Figure 6.1: Configuration of a rectangular DRA excited by an open half-loop

in the presence of a concentric parasitic open half-loop
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The configuration has been modeled rigorously using the method of
moments together with the combined RWG and SWG basis functions described in
Chapter 2, where the rectangular dielectric has been meshed to 2407
tetrahedrons, and the metallic strips to 82 triangular patches, giving a total of 5289
unknowns. The optimized dimensions of the driven half-loop have been used as
given in section 5.2.2. An iterative design procedure has been followed to
determine the optimum dimensions of the parasitic element that are needed to
establish another travelling-wave current distribution in addition to that along the
driven half-loop. These travelling-wave currents produce two minima AR points at
frequencies that are close to each other, which lead to a broadband CP radiation.

The dimensions of the parasitic half-loop, hq and wqg, have been optimized
when the parameters of the driven element are fixed as hg= wg =13 mm, gq = 1
mm and g, = 11 mm. Table 6.1 presents the AR, impedance matching and the
percentage of overlapping bandwidths for parasitic half-loop dimensions ranges of
7=hp<10 mm and 7<wp<10 mm. Throughout these simulations, a gap of size g¢=
1 mm has been placed between the first two parasitic metallic strips of the
parasitic half-loop as shown in Figure 6.1. The results demonstrate that the CP
radiation can be attained easily using strips’ dimensions range of 7 to 10 mm,
which is a desired feature in the CP DRA design. Based on these results, the
highest overlapping bandwidths of 12.71% has been obtained when h, =7 mm and
wp = 9 mm. For this optimized configuration, the resonance frequency occurs at

3.5 GHz, which corresponds to the TEY111 excited mode
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Height, Width, 3db AR -10dB S14 Overlapping AR &
hp (mm) wp(mm) | Bandwidth (%) Bandwidth (%) S11 Bandwidth (%)

7 10.27 21.81 100
7 8 11.31 22.82 100
9 12.71 21.32 100
10 8.02 26.05 100
7 9.09 32.47 100
8 8 8.26 32.02 100
9 12.12 30.04 100
10 8.75 28.88 95
7 8.92 21.82 93
9 8 8.93 21.6 98
9 8.61 20.56 98
10 8.33 19.32 84
7 5.85 16.27 66
10 8 6.15 14.83 29
9 6.81 12.08 0
10 10.84 11.31 0

Table 6.1: AR and S11 bandwidths for different dimensions

of the parasitic half-loop

Graphical representations of Table 6.1 are presented in Figures 6.2 and
6.3. These figures show the variation of return loss and AR as functions of
frequency, respectively, for different values of h, when w; is fixed at 9 mm. As a
reference, the results achieved without the presence of the parasitic element is
included in both graphs. Based on the figures, it is noticeable that the S11 changes
significantly for different h,, in contrast to the relative stability in AR. From these
results, it can be seen clearly that the inclusion of the parasitic element has
created another AR minimal point at 3.5 GHz in addition to the AR minimal point at
3.24 GHz generated by the driven half-loop. The wider bandwidth can be achieved
by merging the two minima AR points, which can be accomplished using half-loop

heights that range between 7 and 8 mm. When h, exceeds 8 mm, the AR minimal
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point generated by the parasitic half-loop falls outside the AR<3dB threshold.

Hence, the overall AR bandwidth is significantly reduced.
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driven loop only o/
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Figure 6.2: Return loss for different heights of parasitic half-loop
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Figure 6.3: Axial ratio for different heights of parasitic half-loop
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6.1.2 Results and Discussions

Figure 6.4 illustrates a fabricated rectangular DRA that is excited using
open half-loop antenna in conjunction with a concentric parasitic half-loop. This is
the same DRA that has been used in Chapters 3 and 5, which has a relative
permittivity of €. = 9.2, and dimensions of a = 26.1 mm, b =25.4 mm and ¢ = 14.3
mm [6]. Based on the results of the iterative design procedure, the used optimized
dimensions of the parasitic element which are hp =7 mm, wp =9 mm, and gq = 1
mm. The parameters of the driven element used in section 5.2.2 are retained, that
is, ha=wg=13 mm, ga= 1 mm, d= 6.5 mm and the gap is located at a distance of
11 mm from the feed point. Each half-loop has been connected to the ground
plane at two ends using a conductive silver paint. As mentioned earlier, potential
air gaps between the DRA and the ground plane, which could cause error in the
measurements, have been eliminated by attaching the DRA to a double sided
adhesive conducting tape that is placed above the ground-plane as shown in

Figure 6.4.

Figure 6.4: A rectangular DRA excited using concentric half-loops
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The input impedance has been measured and compared to the MoM
computation with close agreement as illustrated in Figure 6.5. Additionally, the
simulated and measured return losses agree well with each other as shown in
Figure 6.6. Based on these results, S11 bandwidths of 21.32% and 19.30% have
been achieved in theory and measurements, respectively. The minimum S11 has
been computed at a frequency of 3.53 GHz compared to 3.47 GHz in the
measurements, which represents a marginal difference of 0.6%. These results
agree reasonably well with a predicted resonance frequency of 3.8 GHz for the
TEY111 mode in which the DRA is excited, as calculated using DWM method
proposed in [7]. The DRA operating in this broadside TEY111 mode has a strong
magnetic field near the ground plane, thus it can be excited by the half-loops that

have maximum current magnitudes at these points to generate CP radiation within

this mode.
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Figure 6.5: Input impedances of a rectangular DRA excited

using concentric half-loop.
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Figure 6.6: Return losses of the rectangular DRA

Additionally, the distribution of current along the two half-loops at the
frequency band of operation has been studied, where it is evident from Figure 6.7
that a travelling wave current distribution has been attained with a smoothly

decaying magnitude and approximately linear phase progression.
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Figure 6.7: Current distribution along the concentric half-loops at 3.24 GHz
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Figure 6.8 presents the computed and measured axial ratio at the bore-
sight direction, where it can be observed that the minimum computed AR is 1.18
dB at 3.24 GHz, which is close to the corresponding measured value of 0.99 dB at
3.21 GHz. Based on these results, the calculated 3 dB AR bandwidth is 12.71%,
which is slightly narrower than the measured bandwidth of 13.74%. This
constitutes at least a 95% AR bandwidth increment compared to that obtained
from a DRA excited using the driven half-loop only. Furthermore, with reference to
Figures 6.9, it can be noticed that a sufficient impedance matching bandwidth has
been attained throughout the achieved circular polarization bandwidth.
Additionally, the theoretical and experimental variations of the axial ratio, as
functions of the elevation angle, are illustrated in Figures 6.10 and 6.11, where it is

evident that the DRA produces a CP radiation over computed beam-widths of
110° and 95° in both ¢=0" and ¢ =90" principle planes, respectively, at the
minimum AR frequency. In terms of measurements, the beam-widths have been

achieved over 98°in the ¢ =0° plane and 94°in the ¢ =90° planes.
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Figure 6.8: Axial ratio of the rectangular DRA excited using concentric half-loops
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The calculated and measured bore-sight gains are shown in Figure 6.12,
which demonstrates that a satisfactory gain of over 4dBi has been attained

throughout the achieved circular polarization bandwidth.
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Figure 6.12: Gain of the rectangular DRA excited using concentric half-loops
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Furthermore, the computed and measured radiation patterns are shown in
Figure 6.13, where it can be observed that the radiation patterns are stable across
the CP frequency band. Based on Figure 6.12 (b), an isolation of more than 23 dB
has been achieved between the co-and cross-, polarization components. The
results clearly show that the DRA radiates right-hand CP wave, as RHCP field is

the much stronger component than LHCP field.

Figure 6.13: Radiation pattern of the rectangular DRA at

(a) starting, (b) minimum, and (c) ending of AR frequencies
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6.3 CP Cylindrical DRA Excited using Concentric Half-Loops

6.3.1 Antenna Configuration

Figure 6.14 illustrates the geometry of a multilayer cylindrical DRA that is
excited using concentric open half-loops. The multilayer design is used since the
inclusion of parasitic loop for single layer design does not significantly enhance the
AR bandwidth. The outer layer has a radius of a, a height of h and a dielectric
constant of ¢ while the inner layer has parameters of a,, h> and €2. As explained
earlier, the driven half-loop has a width of wy, a height hg and a gap size of gq
located at a gap position of g,. The parasitic half-loop that is placed inside the
driven element has dimensions of w, and hp, and the parameters of the gap within

this parasitic element follow those within the driven element.
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Figure 6.14: Configuration of a multilayer cylindrical DRA excited

using concentric half-loops
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The antenna configuration has been modeled using the method of
moments in conjunction with the combined RWG and SWG basis functions, where
the cylindrical dielectric has been meshed to 2432 tetrahedrons and the metallic
strips to 87 triangular patches, giving a total of 4989 unknowns. The optimum
dimensions of the feeding metallic strips that are required to establish a travelling-
wave current distribution along the half-loops, as well as exciting a DRA mode
within the same frequency range, have been determined following the same
iterative design procedure that has been employed for the RDRA.

In order to assess the performance of the cylindrical DRA, the dimensions
have been chosen to be as the same as those reported in [8], that is h = 10.54
mm, a = 7.01 mm and & = 9.2. The dimensions of both half-loops have been
optimized after employing the parameters of the inner dielectric layer used
previously in section 4.4. Throughout these simulations, a gap of size gg= 1 mm
has been placed between the last two metallic strips of each half-loop as shown in
Figure 6.13. The results of this optimization procedure are shown in Table 6.2.
Most of the conducted simulations indicate that the DRA radiates CP wave, which
is desirable in the CP antenna design. However, impedance matching has been
totally lost for some dimensions, which suggests that no mode has been excited at
the obtained CP frequency. As a result, the optimized parameters that generate
maximum overlapping between the AR and S11 bandwidths have been determined
as hg = wg = 9 mm, hp = 6 mm and w, = 5 mm. Using these antenna
configurations, an effective AR bandwidth of 4.64% has been obtained and
consequently the resonance frequency is found to be 6.81 GHz, which is close to
the predicted resonance frequency of 6.55 GHz for the broadside TEo1s mode as

calculated using equation (4-4).
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ha and wq hp Wp 3db AR -10dB S11 Overlapping AR &
(mm) (mm) | (mm) | Bandwidth (%) | Bandwidth (%) | S11 Bandwidth (%)
5 0 0 0
4 6 0 6.74 0
7 0 2.32 0
5 9.38 6.94 0
9 5 6 6.13 11.32 0
7 3.96 6.67 0
5 10.47 8.91 44.3
6 6 7.21 5.24 12.4
7 3.08 0 0
5 8.66 4.63 52.3
4 6 2.41 6.06 0
7 3.77 0 0
5 6.82 12.11 22.2
9.5 5 6 1.97 5.41 0
7 4.84 7.75 47.9
5 5.08 7.49 0
6 6 5.07 5.54 0
7 3.63 0 0
5 6.94 5.65 11.7
4 6 1.45 6.64 0
7 4.96 8.32 0
5 1.05 12.72 0
10 5 6 2.23 5.38 14.2
7 4.94 6.19 0
5 0.3 6.94 0
6 6 2.96 4.89 0
7 4.22 3.98 0
5 0.47 10.13 0
4 6 3.13 4.63 0
7 4.06 7.67 0
5 0.52 12.98 0
10.54 5 6 4.31 5.19 0
7 4.14 6.37 0
5 0 9.51 0
6 6 5.95 7.95 0
7 3.75 5.15 0

Table 6.2: AR and S11 bandwidths for different

dimensions of the concentric half-loops

180
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As can be seen from Table 6.2, only 44.3% of the AR bandwidth achieved
using the optimized dimensions, has been attained within sufficient impedance
matching bandwidth. Therefore, an integrated stub has been incorporated with the
driven element so that a wider overlapping between the bandwidths can be
obtained. The stub has been attached to the first metallic strip at position of ps.
The dimensions of the stub are given by Is and ws.

Table 6.3 shows the results for the stub optimization when the parameters
of hg = wg =9 mm, hp =6 mm, w, =5 mm, and go= 1 mm have been employed.
With reference to the table, the widest effective AR bandwidth has been obtained
when [s = ps = 1. After employing these optimized stub length and position, the
results for different value of ws are presented in Table 6.4, where it can be seen
the effective AR bandwidth has increased to 7.35% when ws = 2 mm.
Furthermore, the resonance frequency of this antenna has been found to be 6.7
GHz, which corresponds to the TEo1s mode. The performances of the DRA when
the optimized matching stub is included are shown in Figure 6.15. In comparison
to the DRA design without stub, it is evident that the addition of the stub has
shifted the matching bandwidth to be closer to the AR bandwidth, thus increasing

the effective AR bandwidth.
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Stub postion, | Stub length, 3db AR -10dB S11 Overlapping AR & S11
ps(mm) Is (mm) Bandwidth (%) | Bandwidth (%) Bandwidth (%)
1 9.01 7.23 75.1
1 2 10.85 5.77 54.12
3 5.99 12.86 0
1 9.05 23.69 63.3
2 2 7.78 8.69 61.8
3 2.19 12.03 0
1 9.28 21.74 34.1
3 2 6.5 11.44 0
3 0 12.14 0
1 8.48 15.85 0
4 2 6.15 9.06 0
3 0 10.51 0
1 8.41 13.31 0
5 2 5.72 6.96 0
3 0 5.26 0

Table 6.3: AR and S11 bandwidths for different dimensions of ps and /s

Stub width, 3db AR -10dB S11 Overlapping AR &
ws (mm) Bandwidth (%) Bandwidth (%) | S11 Bandwidth (%)

0.5 8.85 6.37 72.2

1 9.01 7.23 75.1

1.5 9.21 7.46 78.9

2 9.17 7.69 80.2

2.5 8.55 7.96 79.4

3 7.9 8.39 78.2

Table 6.4: AR and S11 bandwidths for different stub width
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Figure 6.15: Axial ratio and return loss of DRA fed by half loop with or without stub

Figure 6.16 and 6.17 illustrate the CP bandwidth enhancement caused by
the presence of the parasitic half-loop. The graphs show the variation of S11 and
AR as functions of frequency for different dimensions of h, and w, when the
optimized parameters of stub and the driven half-loop are employed. Additionally,
the performance of the DRA without the presence of the parasitic element is also
included as a reference. The inclusion of the parasitic element has created
another AR minimal point at 6.45 GHz in addition to that generated by the driven
half-loop at 6.75 GHz. The combination of these two points a constitutes an ~84%
increase in the effective AR bandwidth compared to those achieved at the

absence of the inner half-loop.
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6.3.2 Results and Discussions

A prototype of a multilayer cylindrical DRA that is excited using concentric
half-loops is illustrated in Figure 6.18. The inner layer height, radius, and relative
permittivity are h> = 9.49 mm, a> = 6.31 mm and &2 = 5.67, respectively, while the
outer layer has been designed using h = 10.54 mm, a = 7.01 mm and & = 9.2 [8].
The optimized parameters of the feeding half-loops have been determined using
the aforementioned iterative design procedure as hg = wg =9 mm, g¢=1 mm, hp =

6 mm,w,=5mm, ps=Is=1mm,and ws=2 mm.

Figure 6.18: A multilayer cylindrical DRA fed by concentric half-loops.

Reasonable agreement has been obtained between the computed and
measured input impedances as demonstrated in Figure 6.19. The experimental
and theoretical return losses are presented in Figure 6.20, where it can be noticed
that an S11 <-10 dB bandwidth of 7.69% has been achieved in computations

compared to 8.23% in measurements. The minimum S11 has been computed at
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6.74 GHz compared to 6.92 GHz in the measurements, which represents a
difference of 2.77% between the two results. This discrepancy can be attributed to
measurements error, as the air gaps between the PEC ground plane and the
antenna can not be fully eliminated since the cylindrical DRA is very lightweight,
which has caused some difficultly in positioning it firmly on the ground plane. As
demonstrated earlier in section 4.3.2, the predicted resonance frequency for the
multilayer design operating in broadside TEo1s mode has been calculated as 6.55
GHz, which is reasonably close to those obtained by the theory and experiment.
Additionally, a travelling wave current distribution, which generates CP wave, has

been attained along the half-loops as illustrated in Figure 6.21.
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Figure 6.19: Input impedance of the multilayer cylindrical DRA excited

using concentric half loop
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The bore-sight axial ratio has been computed and measured as
demonstrated in Figure 6.22, where it can be seen that the minimum computed
AR is 0.61 dB at 6.75 GHz compared to a corresponding measured value of 1.53
dB at 6.88 GHz. With reference to the figure, the theoretical 3 dB AR bandwidth
extends from 6.38 to 7. GHz compared to 6.59 to 7.15 GHz in the measurements.
Therefore, CP radiation has been achieved over bandwidths of 9.17% and 8.12%
in the analysis and the measurements, respectively, which is more than double of
what has been achieved for the CP cylindrical DRA excited by a driven half-loop
only as discussed in section 5.3.2. Additionally, it is several folds higher than the
AR bandwidth of ~2% reported in [8] for a cylindrical DRA with the same outer
layer's dimensions and permittivity. Furthermore, the overlapping AR and Si1
bandwidths from computations and measurements are shown in Figure 6.23.
Based on the results, the theoretical effective AR bandwidth is found to be 7.35%
compared to 6.45% in the experiment. It should be noted that if an S11<-7.5dB
bandwidth (VSWR = 2.5) is considered, the effective AR bandwidth can be
increased to 8.6% and 8.12% in the computations and measurements,

respectively,
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The axial ratio beam-width is demonstrated in Figures 6.24 and 6.25, where
it can be noticed that the DRA offers circular polarization over measured beam-

widths of over 39°in the both planes
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Figure 6.24: Axial ratio beam-width of the multilayer cylindrical DRA at¢ =0°
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Figure 6.25: Axial ratio beam-width of the multilayer cylindrical DRA at¢ = 90°
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Furthermore, the stability of the radiation pattern has been studied as
shown in Figure 6.26, where it is evident that the patterns are stable across the
whole CP bandwidth, and an isolation of more than 21 dB has been achieved
between the co-, and cross-, polarization components at the minimum AR
frequency point. As the RHCP field component is much stronger than LHCP field,

the DRA radiates right-hand CP wave.

— = Nassured

Figure 6.26: Radiation patterns of the multilayer cylindrical DRA at

(a) beginning, (b) centre, and (c) end of the CP bandwidth.
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Finally, Figure 6.27 presents the calculated and measured bore-sight gain
of the antenna configuration, where it can be seen that a reasonable gain of
approximately 3 dBi has been achieved throughout the circular polarization

bandwidth in the theoretical and experimental results.
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Figure 6.27: Gain of the multilayer cylindrical DRA

excited using concentric half-loop

6.4 Conclusions

The AR bandwidths of rectangular and cylindrical DRA have been increased
substantially through the incorporation of an inner parasitic half-loop within the
driven half-loop. With appropriate dimensions and placement of the parasitic
element, the parasitic half-loop creates another minimum AR point at frequency
close to that created by the driven half-loop. Thus, merging the two AR minimal

points results in a wider circular polarization bandwidth. In both rectangular and
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cylindrical DRA a configuration, the inclusion of concentric parasitic elements has
approximately doubled the CP bandwidths compared to those obtained using the
driven half-loops only. This is very desirable, since the parasitic half-loop has been
included in the structure without increasing the antenna size or complexity.
Throughout the research, reasonable agreement has been obtained between
computations and measurements with some discrepancies that can be attributed

to experimental tolerances, as well as fabrication and measurement errors.
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CHAPTER 7

CONCLUSIONS AND

FUTURE WORK

7.1 Summary and Conclusions

The thesis focuses on the design of singly-fed DRAs with a wideband
circular polarization. Two new single-point excitation schemes have been
introduced that can be easily used to excite an arbitrarily shaped DRA. The
proposed feeding methods are based on employing conformal conducting metal
strips on the DRA surface. The generated broad CP bands have been achieved in
conjunction with sufficient impedance matching bandwidths. The studied
geometries have been modeled using a self developed MoM code, and the
computed results have been validated against those obtained from measurements

or CST simulations.
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In chapter one, the theory of circular polarization has been discussed
together with a concise literature review of dual and singly-fed CP DRAs.
Additionally, the basic characteristics of several CEM modelling methods have
been described. The second chapter provides details of the employed modelling
method, where the steps involved in MoM computations, in conjunction with
specialized basis and testing functions, have been described comprehensively.

In the third chapter, a new feeding scheme based on using a conformal
square spiral has been employed to excite a rectangular DRA. The feeding spiral
parameters have been optimized using an iterative design procedure to establish
a travelling wave current distribution. This approach has produced a CP bandwidth
of ~7%, which is considerably wider than the typical bandwidth of < 3% reported in
earlier studies for singly-fed rectangular DRAs. Additionally, the frequency tuning
ability of the wideband CP rectangular DRA has been demonstrated, where
shifting the spiral from the centre to the right of the DRA surface has reduced the
antenna operating frequency from 4.10 GHz to 2.93 GHz. This shift in the
resonant frequency corresponds to a change in the excited mode from TEY111 to
TE*111. However, the achieved CP bandwidth is comparable to those obtained
using a centrally located feeding spiral.

In Chapter 4, the versatility of the spiral excitation has been assessed by
employing the feed to a cylindrical DRA to generate a wideband circular
polarization radiation. Once more, using optimized parameters to achieve a
travelling current distribution has generated a CP bandwidth of ~4% compared to
~2% reported in literature for singly-fed CP cylindrical DRAs. Additionally, the CP
bandwidth of the cylindrical antenna has been enhanced further by employing a

multilayer DRA configuration, where a smaller dielectric cylinder of different
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permittivity has been embedded within the cylindrical DRA. This has provided an
increase of more than 66% in the AR bandwidth compared with that using a single
layer cylindrical DRA.

Despite the advantages of utilizing a square spiral excitation, it has been
observed that the achieved CP radiation is very sensitive to the spiral dimensions.
Furthermore, the required precise dimensions are particularly difficult to achieve
when the spiral needs to be placed on a conformal surface. Therefore, a simpler
feeding method that is capable of generating wideband CP radiation, without the
aforementioned limitations, has been proposed in chapter 5. The new feed is
based on exciting the DRA using a rectangular half-loop that consists of three
metallic strips. The flexibility of this feeding method has been demonstrated by
employing the half-loop to excite regular shaped DRAs such as rectangular,
cylindrical and hemispherical geometries. Again, the achieved CP bandwidths are
considerably higher than those reported in the literature for singly-fed DRAs of the
same shapes and dimensions.

A further CP bandwidth enhancement has been achieved by incorporating
a parasitic half-loop inside the driven element. Employing the optimized
dimensions of the two concentric half-loops have produced two AR minima
frequency points that are close to each other. Consequently, merging these two
AR bands leads to a significant enhancement in the overall circular polarization
bandwidth. The inclusion of a concentric parasitic element has approximately
doubled the CP bandwidths compared to those obtained using only the driven
half-loop for rectangular and cylindrical DRA configurations.

Tables 7.1-7.3 summarize the achieved CP bandwidths and the

corresponding resonance frequencies for the studied DRAs configurations. The
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results from published literature are included in the reference column for
comparison purposes. From the tables, it is evident that the DRAs fed using
introduced excitation schemes have produced considerably wider CP bandwidths
compared to those reported in the literature for identical singly-fed DRAs.
Furthermore, the bandwidth can be significantly enhanced by placing a parasitic
element, with appropriate dimensions, inside the driven half-loop or by adding

another dielectric layer.

Reference | Square Shifted Rectangular Rectangular half-
[1] spiral square spiral half-loop loop with parasitic
Effective AR
Bandwidth (%) 2.7 6.6 6.4 6.5 12.71
Resonance
Frequency (GHz) 3.55 41 2.93 3.5 3.53

Table 7.1: Effective AR bandwidth and the corresponding resonance frequency for

various rectangular DRA configurations

Reference | Square -Sq:Jare i Rectangular IRectaqﬁular h?tl.f'
[2] spiral | SP'ré. mull half-loop oop with parasitic,
layer multilayer
Effective AR
Bandwidth (%) 22 3.48 5.63 3.63 7.35
Resonance
Frequency (GHz) 6.38 5.89 6.25 5.76 6.74

Table 7.2: Effective AR bandwidth and the corresponding resonance frequency for

various cylindrical DRA configurations

Reference | Rectangular | Rectangular half-
[3] half-loop loop, multilayer
Effective AR
Bandwidth (%) o s €L
Resonance
Frequency (GHz) 3.98 5.66 4.09

Table 7.3: Effective AR bandwidth and the corresponding resonance frequency for

various hemispherical DRA configurations
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7.2 Future Work

This research has demonstrated the ability of the proposed new excitation
schemes to obtain wideband circular polarizations in conjunction with sufficient
impedance matching bandwidths for each of the considered DRA configurations.
For the future work, the following topics are worthy of further investigations;

Due to limited cost and time constraint, each of the excitation schemes
have been employed for the excitation of regular shaped DRAs. Thus, it would be
interesting to see how the feeding methods fare in comparison with other
published excitation schemes when used to excite irregular shaped DRAs such as
staircase and trapezoidal geometries. Furthermore, it is possible to investigate the
design of CP DRA using a square spiral slot excitation. From extensive review of
earlier studies, this DRA configuration has never been done in contrast to the
open loop slot excitation schemes. Although this requires additional development
of the existing complex MoM code, there is a very good potential of such feeding
method to generate a wideband CP.

The proposed excitation methods can also be used to feed DRAs with
higher permittivities to investigate the possibility of achieving a CP radiation from a
reduced size DRA. It is expected that such DRAs will offer narrower CP
bandwidths in conjunction with a lower profile. Additionally, a further measure to
reduce the CP DRA profile is to employ an artificial magnetic conducting (AMC)
surface in conjunction with the proposed excitation approaches.

Additionally, a better representation of curved geometries can be obtained
using higher order RWG and SWG basis functions. The application of a more

refined triangle and tetrahedron elements, as opposed to the flat elements used in
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the first order basis function, leads to higher accuracy and less memory

requirements for the solution of problem in 3-D.
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1. Code execution fl

owchart

APPENDIX A

Collect inputs
describing
antenna mesh

Collect inputs

from user

Display information
based on raw data

Define basis

A 4

functions and
calculate their

parameters
A y A 4
Frequency range| |Antenna mode| Permittivity
________ 1| of dielectric
Solution :method Angle ofi plane wave incidence
vy v v
|Norma|| |Image theory| |9 (in 'IT)| | @ (in 'IT)|
|
v v
Treatment of Treatment of
surface metal using dielectric volume using
RWG basis function SWG basis function
Obtain |parameters of Obtain|parameters of
v v v v v v
single | [triangle single tetrahedron| | single triangle ||triangle pair
triangle pair tetrahedron pair (boundary) || (boundary)
A 4
Calculate
v v :
integrals
Surface Volume g
For self integrals For self integrals
integrals r------------ : e
v v integrals v v
Analytical | | Gaussian Analytical | | Gaussian
formula | |quadrature formula | (quadrature v
Calculate antenna| Calgl:c!ﬁt.e potdentials
parameters an :n;?iizsance
|
- y F3 13
Near-field Far-lfield 2| [27) [227] [
S — ¥ ) v ¥
Input Current Eeand | |[Er and|| Axial || Gain
Impedance | | Distribution Eo EL Ratio




Appendix A

202

2. Code segments of core modules

2.1 Calculation of Surface Integrals

CALCULATICH OF INTEGERALS
DO p=1,n total M tri

DO g=1l,n_total M tri
dl=c_x(p)-c_xig)

d2=c yi(p)-c_¥I(d)
d3=c_z(p)-c_z(q)
dist=sgrt (dl~*2+d2**2+d3**2)
IF(dist.LT.0.001) THEN
i _counter=l

CLLL AMALYTICAL

CALL SUER_SING QUAD
ELSE

i _counter=4

CALL SUR_NUM QUAD
ENDIF

ENDDC

ENDDC

'c_=(p)=centroid of triangle p in x-axis

'Distance between sourcescbservation points
'Tf distance less than 0.0001

"Calculation u=sing analvtical formula

1Else distance bigger than 0.0001

"Calculation using Gaussian gquadrature

i) Calculation using analytical formula

Variables required for calculation of self integrals using analytical formula are

shown in eq. (2-100) to (2-111) in chapter 2. For ease of understanding, the code

is shown for each equation separately.

A

li

_ 5;"5;

_‘ﬁ;'"ﬁf‘

(2-100)

gide xl=xl-=x3
side yl=yl-y2
gide zl=zl-z2

gide x2=rI-XH3
side y2=y2-y3
gide z2=z2-z3

gide x3=r3-=xl
side y3=y3-yl
side z3=z3-zl

'#xl=rho x(1), x2=rho x(2)

mag=sgrt (side x1*~2+side yl**2+side zl**2) "magnitude of 1(1)
unit 11=(/ =ide xl/mag,=side yl/mag,side zl/mag /) Tunit 1(1)

'z2=rho x(2), x3=rho x(3)

mag=sgrt (side x2**2+side y2**2+side z2**2) "magnitude of 1(2)
unit 12=(/ =ide x2/mag,=side y2/mag,side z3/mag /) Tanit 1(2)

'#3=rho x(3), xl=rho x(1)

mag=sgrt (side x3*~2+side y3**2+side z3%*2) "magnitude of 1(3)
unit 13=|(,/ side x3/mag,side v3/mag,=zide z3/mag /) Tanit 1(3)
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17 =(p: - p)el (2-101)

11 p=(/ rhol p(1)-rho(l),rhol p(2)-tho(2),rthol_pi(3)-rho(3) /) !rhol p(l)=rho(l) positive
11_n=(/ rhol n(l)-rho{l),rhol_n(2)-rho(2),rhol_n(3)-rho(3) Ia 'rhol n(l)=rho(l) negative
12 p=(/ rho2 p(l)-rho(l),rho2 p(2)-rho(2),rho2 pi3)-rho(3) /)
12 n=(/ rho2 n(l)-rho(l),rho2 n(2)-rho(2),rho2 ni3)-rho(3) /)
13 p=(/ rhe3_p(l)-rho(l),rhe3_p(2)-rho(2),rho3_p(3)-tho(3) /)
13_n=(/ rho3 n(l)-rho(l),rho3 n(2)-rho(2),rho3 n(3)-rho(3) Ia

ell p=dot product(ll p,unit 11) !ell p=1(l) positive
ell n=dot_product (1l _mn,unit_11) 'ell n=1(1) negative
el? p=dot_product (12 p,unit_12)
el2 n=dot_ product(lZ n,unit 12)
el3 p=dot_product (13 p,unit 13)
el3_n=dot_product (13_n,unit_13)

where 4, =/ x#. (2-102)

sidel=(/ =ide _x1,side yl,s=side_zl /)
side2=|(/ side x2,side y2,side zZ /)

CALL CROS55_PRO(=2idel, sidel,vec n) 'mormal wector=cross product of side 1&2
mag=sgrt(vec n(l)**2+vec n(2)**2+vec ni(3)**2) 'magnitude of normal vector
unit n=(/ vec_n(l)/mag,vec_n(2)/mag,vec_n(3)/mag /) !unit normal wvector

CALL CROS5 PRO(unit 1l,unit n,unit ul) 'unit w=cross product unit liunit n
CALL CROS5 PRO(unit 12,unit n,unit ul)
CALL CROS5 PRO(unit 13,unit n,unit u3)

Pol=abks (dot_product (11 p,unit ul))
Po2=abs (dot_product (12 p,unit ul))
Po3=abs (dot_product (13 _p,unit_u3))

P =|p; =l =R ) + () (2-103)

Pol p=sgrt (Pol+*2+ell p**2)
Pol n=sgrt (Pol**2+ell n**2)
Po2 p=sgrt (Pol*=*2+ell p**32)
Po2 n=sgrt (Pol=*2+eld n**2)
Po3 p=sgrt (Po3**2+el3 p=*2)
Po3 n=sgrt (Po3**2+el3 n=*2)




Appendix A

204

(2-104)

ulx=(11 p(1)-ell p*unit 11(1))/Pol
uly=(11_p[2]—ell_p*unit_ll[Z]]anl
ulz=({11 p(3)-ell pfunit 11(3)) JPBPol
uZr=(12 p(l)-el2 p*unit 12(1))/Po2
u2y=(12 p(2)-el2 p*unit 12(2))/Po2
u22=(12_p[3]—elE_p*unit_lE[E]JKPGE
u3x=(13 p(l)-el3 p*unit 13(1))/Po3
udy=(13_p(2)-el3 p*unit 13(2))/Po3
u3z=(13 p(3)-el3 p*unit 13(3))/Po3

unit Pol={/ ulx,uly,ulz /)
unit_ Po2=(/ ulx,u2y,uZz /)
unit Po3=(/ ul3x,udv,u3z /)

(2-105)

R1_o==3qrt (Pol**2+d+**2)
R2_o=sgrt (Po2=+=2+d=*2)
R3 o=sgrt (Pa3#*#2+d##*2)

(2-106)

Rl p=sgrt (Pol p**2+d*=2)
Rl m=sgrt (Pol_n**2+d*=2)
B2 p=sgrt (Po2_ p**2+d*=2)
E2 n=sgrt (Po2_ n**2+d*=2)
B3 p==sgrt (Po3 p**2+d*=2)
B3 n=sgrt (Po3_n**2+d*=2)

(2-107)

r ri={/ r(l)-rl{l),r(2)-rl(2),r(3)-rl(3)
d=dot_product junit n,r rl)

£
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The calculations of eq. (2-108) and (2-109) are not required since the eq. have
already been determined in terms of g, p, and p. Finally, using the variables

derived previously, the self-integrals can be calculated by eq. (2-110) and (2-111)

ds’ C PIT Pl

|d| tan” —————— —tan™" !

P0 P°1 L —
Z nRi l, (RO +|d|R; (R +|a|r; || (2-110)

IF(i_counter.EQ.1.0R.1i counter.EQ.33.0R.1_counter.EQ.11) THEN
Suml=dot product (unit Pol,unit wul)*

7 (Pol*log( (R1_p+ell p)/ (Rl _n+ell nj)

Fi -abs (d) = (atan( (Pol*ell p)/ (R1_o**2+abs(d) *R1_p])

¥ —atan( (Pol*ell n)/(R1_o**Z+abs(d)*El mn)]})
Suml=dot product (unit PoZ, unit uld)*

7 (Pod*log((R2_p+ell p)/ (B2 n+el2 n))

7 —abs(d) = (atan( (Po2*el2 p)/ (R2 o**2+abs(d)*R2 p])

7 —atan( (Po2*el2 n)/(R2_o**2+abs(d)*R2 mn)]})
Sum3=dot_ product (unit Po3,unit u3)*

7 (Po3*log( (R3_p+el3 p)/ (R3_n+el3 nj)

7 —abs(d) * (atan( (Po3*el3 p)/ (R3_o**2+abs(d) *R3_p))

7 —atan|( (Po3*el3 n)/ (R3_o**2+abs(d)*R3 n)]))
Sum 1 (g)={Suml+Sum?+5am3)

ﬁ’_/_j ’ 1 ~ 0)? R +1] +p+ -p-
PPas = N ROV m %y rrr R
! r 2§i ul[(Rl) IR R,} 2-111)

i i

Sumlv=unit ul* (R1 o*R1l o*log( (Rl p+ell p)/ (Rl n+ell n})
7 +ell p*R1 p-ell n*Rl n)

Sumdv=unit wd* (K2 o~*R2 o*log( (R2_p+eld p)/ (RZ n+ell n))
7 +el2 p*R2 p-el2 n*RZ n)

Sum3v=unit u3* (R3_o*R3_o*log( (R3_p+el3 p)/ (R3_n+el3 n))
7 +el3 p*R3 p-el3 n*R3 n)

Sum w(:,qg)=0.5% (Sumlv+Sum2v+3um3v)
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ii) Calculation using Gaussian quadrature

The Gaussian quadrature formula for surface integrals is shown in Table 2.1. As

calculation of surface integrals does not significantly affect the computational time

compared to volume integrals, maximum number of source points (i.e. np=7), has

been used to maintain computational accuracy. The following code shows the

calculation of surface integrals, based on the formula given in the table.

¥1=rx(1l,dq) 'rx(l,g)=the x-axis coordinate
vi=ry(l,d)

zl=rz(l,q)

®x2=rx(2,q) 'rx(2,g)=the x-axis coordinate
v2=ry (2, q)

z2=rz (2,q)

X3=rx (3, 4q) 'rx(3,g)=the x-axis coordinate
vI=ryi3,q)

z3=rz (3,dq)

a=0.

b=1./3.

c=1./2.

d=1.

Exl=a* (xl-x3)+a* [x2-x3)=x3-Hcp 1¥cp=centroid
Ryl=a=* (yv1l-v3)+a* (yv2-v3) +y3-Yecp "Yep=centroid
Bzl=a* (zl-z3)+a=(z2-z23)+z3-2Zcp 1Zcp=centroid
R_1=sgrt (Rx1*Rxl1+Ry1*Ryl+Rz1*Rzl) !magnitude of

ExZ2=c* [xl-x3)+a* [X2-x3) =x3-Hcp
RyZ=c=* (yl-v3)+a* (yv2-v3)+y3-Yecp
Bz2=c* (zl-z3)+a* (z22-23)-z23-Zcp
B Z2=sgrt (Rx2*Rx2+Ry2*Ry2+Rz2*Rz2)

Ex3=d* (x1l-x3)+a* [x2-x3) =x3-Hcp
Ry3=d=~ (y1l-v3)+a* (yv2-v3)+y3-Ycp
Rz3=d* (zl-z3)+a* (z2-z3)+=z3-Zcp
R_3=sgrt (RR3*REx3+Ry3*Ry3+Rz3*Rz3)

Exd4=c* (xl-x3)+c* [R2-x3) =x3-Hcp
Ryd=c=* (y1l-v3)+c* (yv2-v3) +yv3-Yecp
Rzd4=c* (zl-z3)+c* (22-23) +23-Zcp
R_4=sgrt (Rx4*Ex4+Ry4*Ry4+Rz4*Rz4)

RxS=a* (x1-x3) +d* [X2-X3) +x3-Xcp
RyS=a* (yvl1-y3) +d* (yv2-v3) +v3-Ycp
RzS5=a* (z1-z3) +d* (22-23) +23-Zcp
R 5=sgrt (Rx5*Rx5+Ry5*Ry5+RzZ5*RZ5)

Rxg=a* (xl-x3)+c~ (X2-x3) +x3-Xcp
Rye=a* (vl-y3) +c* (yv2-v3) +v3-Ycp
REze=a* (zl-z3)+c* (z2-23) =z3-Zcp
R_f=szgrt (Ex6*Rx6+Ry6~Ry6+Rz6*Rz&)

of node=s 1 in source

of nodes 2 in source

triangle

triangle

of nodes 3 in source triangle

of
of
of
R1

ocbservation triangl
observation triangl
cbservation triangl

m m

m

in X-axis
in y—axis
in Z—-aX1ls
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Ex7=b* [x1-X3) +b~ [X2-X3) +x3-Xcp
EyT=b* (y1-y3)+b* (y2-v3)+yv3-Ycp
Rz7=b* (zl-z3) +b~ (z2-z3) +z3-Zcp
R 7=sgrt (RERT*RxT+RyT~*RyT7+RzT~Rz7)

Gl =cexp(-j*k*R_1)/R 1 IG=ejikR/R
G2 =cexp(-J*k*R_2)/R 2

G3 =cexp(-j*k*R_3)/R_3

G4 =cexp(-J*k*R_4)/R 4

G5 =cexp(-J*k*R_5)/R_5

G& =cexp(-J*k*R_6)/R_6&

G7 =cexp(-J*k*R_T)/R 7

e=1./40

f=1./15

h=9./40

BANS1 (p, g)=Gl*e+G2*f+G3*e+G4*f+G5*e+G6*£4+G5GT7*h 'Tntegr
ANS2 (p, q)=Gl*e*a+G2*f*c+G3*e*d+G4*f*c+G5*e*a+G6*f*a+GT7*b*h !Integral I =zeta (p,d)
!Inteqgr

ANS3 (p,q)=Gl*e*a+E2*f*a+G3*era+G4~f*c+Go*e*d+Ge~f*c+ET7*b*h al I eta(p,dq)

2.2 Calculation of Volume Integrals

CALCULATICH OF INTEGRALS
DO p=1l,n D in tet
DO g=1l,n D in tet
dl=c =® Vvipl-c X VI(d] 'e x v(p)=Centroid of tetrahedron p in x-axis
d2=c_y vip)-c_v_v(g]
di=c_z vip)l-c_z_v(g)]

dist=sgrt (dl**2+d2**2+d3=*2) 'Distance between source&iobservation points
IF(di=c.LT.0.001) THEHW 1Tf di=stance less than 0.001
DO i _counter=41, 44
CRLL ANALYTICAL "Calculation using analyvtical formula
ENDDO
CALL VOL S5ING QUAD
ELSE
i _counter=25
CALL VOL NUM QUAD Calculation using Gaussian gquadrature
END IF
ENDDO
ENDDO

i) Calculation using analytical formula

Variables required for calculation of self integrals (for volume integration) using
analytical formula are shown in eq. (2-100) to (2-109) and (2-112) to (2113). The

codes to calculate variables in eq. (2-100) to (2-109) have been shown previously.
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av’ A0 A
[% ~Xa X
J i

14

Pt Pl R +1"
x||d| tan " - —tan |- Pl In L (2-112)
(Rij) +‘d1‘Rv (Ru) +‘dj‘RiJ' Ry +1;

Suml=dot product (unit Pol,unit ul)~

7 (abs (d) * (atan( (Pol*ell p)/ (Rl _o**2+abs(d)*Rl_p)]

T —atan( (Pol*ell n)/ (Rl o"*2+abs(d)*RE1l n)])

7 - ({Pol*log((R1 p+ell p)/ (Rl n+ell mn)))]

Sumd=dot product (unit Pol unit ul)*

T [abs(d) * (atan( (Po2*ell p)/ (R2_o**2+abs(d)*R2_p))

T -atan|( (Po2*eld n)/ (RZ2_o**2+abs(d)*R2 n)})

7 —(PDE*ng((RE_p—elE_p];(Rz_n—elz_h]]ﬂ

Sum3=dot_product (unit Po3,unit u3)~

T (abs (d) * (atan( (Po3*el3_p)/ (R3_o**2+abs(d) *R3_p) )

7 -atan( (Po3*el3 n)/ (R3_o**2+abs(d)*R3 _n)})

7 - (Po3*log((R3_p+el3 p)/(R3 n+el3 n))))

Sum 11=(Suml+3Sum?+5um3)

P F . PQ[R92+2d?] R +1
Ir rdV’leﬁ» ZPI'Q”%' ij ( y) R P i
s R 35| 2 R, +1;

(2-113)

Pl

-1 /]

——————tan ————
WF e, (& lafr;

+%’0(IU+R; —ZUTRi;)—‘d.r tan”' P.;)l;

J

Sumlv=dot product (unit Pol,unit wl)* ([ (Pol® (Rl _o**2+2*d*d) /2) )~

7 log( (Rl p+ell p)/ (Bl n+ell n)}+Pol/2*{ell p*Rl p-ell n*Rl n)
7 - labs(d))**3* (atan( (Pol*ell p)/ (Rl_o**2+abs(d)*El _p)]

7 -atan|( (Pol*ell n)/ (R1_o**2+abs(d)*RE1l_n))))
SumZv=dot_product (unit Pol2,unit uwd)*|(((Po2* (R2_o**2+2*d=d) /2] )*

7 log(iR2_p+el2 p)/(R2_n+el2 n))+Po2/2*%(ell p*R2 p-el2 n*R2 n)
7 - lakb=(d) ) **3* (atan|( (FPo2*el2 p)/ (R2_o**2+abs(d) *R2_p) )
7 —atan|( (Po2*el2 n)/ (R2 o**2+abs(d)*E2 n))])

Sum3v=dot_product (unit Po3,unit u3)*(((Po3* (R3_o**2+2*d*d)/2))*

7 log( (E3_p+el3 p)/ (E3_n+el3 n))+Po3/2* (el3 p*R3_p-el3 n*R3 n)
7 -labs(d))**3* (atan( (Po3*el3 p)/ (R3_o**Z+abs(d) *E3_p)]

7 —atan( (Po3*el3 n)/ (R3_o**2+abs(d)*R3 n))))

Sum vl=(Sumlv+Sum2v+Ium3v)
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ii) Calculation using Gaussian quadrature

The Gaussian quadrature formula for volume integrals is shown in Table
2.2. In order to ensure efficient calculation of the integrals, the formula is applied

based on the separation distance between the source point,7',and the
observation point, 7, i.e. R:|17—77’|. In order to maintain the required accuracy,

more number of points, np, is needed for smaller R. In this case, the number of
points, np used in the calculation is 11. For the integrals calculation involving
points separated by larger R, it is more efficient to use a smaller n, since the
solution yields results just as accurate as that obtained using a higher np. The np

used for such cases are 1 and 5.

xl=rx v(l,q) 'rx v(l,g)=the x-axis coordinate of nodes 1 in source tetrahedron
vl=ry v(1,q)

zl=rz vI(l,q)

x2=rx v(2,q) 'rx v(l,g)=the x-axis coordinate of nodes
y2=ry_v(2,q)

z2=rz vI(2,d)

X3=rx vi3,q) 'rx v(l,g)=the x-axis coordinate of nodes
¥3=ry vi3,q)

z3=rz_vI(3,d)

X4=rx v(4,q) 'rx v(l,qg)=the x-axis coordinate of nodes 4 in source tetrahedron
vé4=ry vi4,dq)

z4=rz vi4,q)

in source tetrahedron

%]
[}
i

in =source tetrahedron

[}
[}

» IfR>0.2 A, then np=1is used

IF({disc.GT.0.2*wv_lgth) THENW
a=1l.,/4.
r=1./6.

Exl=a* (xl-x4) +a* (x2-x4) +a* (x3-x4) +x4-Xcp
Ryl=a* (yvl-y4) +a* (vZ2-y4) +a* (vi-y4) +v4-Ycp
Ezl=a~* (zl-z4)+a~ (zZ2-z4)+a~ (z3-z4) +z4-Zcp
R _l1=sgrt (Rx1*Ex1+Ryl1*Ryl+Rz1*Rzl)

Gl =(cexp(-J*k*R_1))/E_1

ANE1l (p,g)=G1*r

ANS5Z (p,g)=Gl*r*a
ANS53 (p,g)=Gl*r*a
ANS4 (p, g)=Gl*r*a
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> If0.1 A <R < 0.2 A, then np=5 is used

ELSE IF(dist.GT.0.1*wv_lgth.AND.dist.LE.0.2*wv_lgth)

a=1l./4.
b=1./6.
c=1./2.

Exl=a® [x1-x49)+a® (X2-X4)+a~ (x3-x49)+x49-Xcp
Ryl=a* (v1-w4) +a* (v2-v4) +a* (¥v3-y4) +v4-Ycp
Rzl=a*(zl-z4) +a* (z2-z4)+a* (23-z4)+z4-Zcp
R_1=szqgrt (Rx1*Rx1+Ryl*Ryl+Rz1*Rzl)

ExZ=c* [X1-xX49) +b* (X2-X4) +b~ [x3-xX49) +x49-Xcp
RyZ2=c* (y1l-y4)+b* (y2-y4) +b* (v3-v4) +y4-Ycp
Rz2=c* (zl-z4) +b* (22-z24) +b* (23-z4) +z4-Zcp
R _Z=sqrt (Rx2*Rx2+Ry2*Ry2+Rz2*Rz2)

Ex3=b* [x1-X4) +c* (x2-X4) +b* (x3-x4) +x49-Xcp
Ry3=b* (y1l-wy4)+c* (yv2-y4) +b* (v3-v4) +y4-Ycp
Rz3=b* (zl-z4) +c* (22-z4) +b* (23-z4) +z4-Zcp
R _3==sqrt (RX3*Rx3+Ry3*Ry3+Rz3*Rz3)

Ex4=b* (x1-x4) +b* (x2-X4) +c* [x3-x4) +x494-Xcp
Ry4=b* (vl-wy4) +b* (y2-y4] +c* (¥y3-v4) +¥4-Ycp
Rzd4=b* (z1l-z4) +b* (22-z4) +c* (23-z4)+z4-Zcp
R 4=sqgrt (Rx4*Rx4+Ry4~Ry4+Rz4*Rz4)

Ex5=b* [x1-x4) +b* (x2-xX4) +b* (x3-x4) +x4-Xcp
RyS=b* (v1-v4) +b* (v2-v4) +b* (v3-y4) +v4-Ycp
Rz5=b* (z1l-z4) +b* (22-z4) +b* (23-z4) +z4-Zcp

Gl =(cexp|-j*k*R_1))/R_1
G2 (cexp(-j*k~R_2))/R_2
G3 =(cexp(-J*k*E_3))/BR_3
4
5

G4 =(cexp(-j*k*R _4))/R
G5 =(cexp(-J*k*E_5) ) /R

r=—-4./30.
f=9./120.

AN51 (p,d)=Gl*r+GZ*f+G3*f+G4*£+G5+fL

LNSZ (p, q) =Gl*r*a+G2*f*c+G3*f*b+G4*E*b+G5*E*b
ANS3 (p, q) =Gl*r*a+G2*f+b+G3*f*c+G4*E£+b+G5*E*b
LNS4 (p, g) =Gl*r*a+G2*f+b+G3+f+b+G4* £+ c+GE+E%b

» IfR<0.1A, then np=11 is used

ELSE

a=l1l./4.

b=1./14.

c=11./14.
d=0.3994035761667992
e=0._.1005264238332008
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Exl=a* (Xx1-x4)+a~* (xZ2-x4)+a* (x3—-x4) +x4-Xcp
Ryl=a* (y1l-w4) +a* (¥2-y4)+a* (¥v3-v4) +ve-Ycp
Ezl=a* (zl-z4)+a~ (zZ2-z4)+a* (23-z4)+z4-Zcp
R _l=sgrt (Rxl1*REx1+Ryl1*Ryl+Rzl1*Rzl)

ExZ=c* [xl-x4) +b* (x2-x4) +b* (XK3-x4) +x4-Xcp
Ry2=c* (yl-y4)+b* (y2-y4)+b~ (yv3-v4) +v4-Ycp
Rz2=c* (zl-z4)+b* (z2-z4)+b* (23-z4) +z4-Zcp
R Z2=sgrt (Rx2*Rx2+Ry2*Ry2+RzZ2*Rz2)

Ex3=b* (®l-x4) +c* (x2-x4) +b* (x3-x4) +x4-Xcp
Ry3=b* (yl-y4)+c* (y2-y4)+b* (yv3-v4) +v4-Ycp
Rz3=b* (zl-z4) +c* (z2-24) +b* (23-=z4) +z4-Zcp
R _3=sqgrt (Ex3*Rx3+Ry3*Ry3+Rz3*Rz3)

Exd=b* (xl-x4) +b* (x2-x4) +c* (x3-x4) +x4-Xcp
Ry4=b* (yl-v4) +b* (v2-v4) +c* (v3-v4) +v4-Ycp
Rzd4=b* (zl-z4) +b* (z2-z4) +c* (23-z4) +z4-Zcp
R_4=sqrt (Rx4*Rx4+Ry4*Ry4+Rz4~Rz4d)

Rx5=b* (xl-x4) +b* (x2-x4) +b* (x3-x4) +x4-Xcp
Ry5=b* (yv1-w4)+b* (¥2-y4) +b* (¥3-v4) +v4-Ycp
Ez5=b* (zl-z4)+b~* (z2-2z4)+b* (23—-z4) +z4-Zcp
B_S5=sgrt (Rx53*REx5+Ry5*Ry5+Rz5*Rz5)

Exe=d* (xl-x4) +d* (x2-x4) +e* (XK3-x4) +x4-Xcp
Ryé=d* (yl-v4) +d* (v2-y4) +e* (v3-v3) +¥v4-Ycp
Rze=d* (zl-z4) +d* (z2-z4) +e* (23-z4) +z4-Zcp
R_e=zqgrt (Ax6~Rxé&+Ry6*Rye+Rz&6~RzE)

Ex7=d* (X1-x4)+e~ (xZ2-x4)+d* (x3—-x49) +x4-Xcp
Ry7=d* (y1-w4)+e* (y2-y4)+d* (¥v3-v4) +¥v4-Ycp
Rz7=d* (zl-z4) +e* (z2-24)+d* (23-z4) +z4-Zcp
R_T7=sqgrt (Ex7*RxT+Ry7T*Ry7+RzT7*RzT)

Rx8=d* (xl-x4) +e* (x2-x4) +e* (xF-x4) +x4-Xcp
Ry8=d* (yl-w4)+e* (y2-y4)+e* (v3-vi) +v4-Yop
Ez8=d~* (zl-z4)+e~ (z2-Z4)+e* (23-24) +z4-Zcp
R_8=sgrt (Rx8*RxB8+RyE8~Ry8+Rz8*Rzg)

Ex9=e* (xl-x4) +d* (x2-=x4) +d* (x3-x4) +x4-Xcp
Ryf9=e* (yl-y4)+d* (y2-y4) +d* (v3-v4) +v4-Ycp
Rz9=e* (zl-z4) +d* (z2-z4) +d* (23-=24) +z4-Zcp
R_S9=s=grt (Rx9*REx9+Ry9*Ry3+Rz9*Rz9)

Exl0=e* (x1-x4)+d* (x2-X4) +e* (X3-x4) +x4-Xcp
REylO=e* (yl-y4) +d~ (y2-wy4) +e* (v3-y4) +y4-Yop
Rzl10=e* (2l-z4) +d* (z2-z4) +e* (z3-z4) +z4-Zcp
R_10==sgrt (Rxl0~Rx10+Ryl0*Ryl0+Rz10*Rz10)

Exll=e* (xl-x4)+e* (xZ2-x4)+d* (x3-x4) +x4-XcCp
Eyll=e* (yl-vy4)+e* (y2-y4)+d* (yv3-y4) +v4-Ycp
Rzll=e* (zl-z4)+e* (z2-z4)+d* (z3-z4) +z4-Zcp
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Gl =(cexp(-j*k~R_1))/R_1
G2 =(cexp(-j*k*R_2))/R_2
G3 =(cexp(-j*k*R_3))/B_3
G4 =(cexp(-J*k*E_4))/R_4
G5 =(cexp(-j*k~R_5))/R_5
G& =(cexp(-j*k*R_6€)|/B_6&
G7 =(cexp(-j*k*R_T7))/B_7
G&8 =(cexp(-jJ*k*E_B))/R_8
G9 =(cexp(-j*k*R_9))/R_%

G10=(cexp(-j*k*R_10))/R_10
G1l=(cexp(-J*k*R_11))/R 11

r=-74./5625.
f=343./45000.
h=56./2250.

BNS1(p, q)=Gl*r+G2+f+G3*f+G4+f+65*f+G6*h+GT*h
+ +GE*N+G9*N+G1l0*h+G1l1*h

LNSZ (p, ) =Gl+r#*.25+G2+f+c+G3+E+b+G4+*E+b+B5+E+b+G6*h*d+GT*h*d
+ +GE*h*d+G9*h*e+Gl0*h*e+G1l1l*h%e

LNS3 (p,q) =Gl+r*,.25+G2*f+b+G3*f+c+G4+*f*b+BE5+E*b+G6*h*d+GT*h*e
+ +GE*n*e+G9rh*d+Gl0*h*d+G1l1l*h*e

LNS4 (p, q) =Gl+r*.25+G2*f+h+G3+E+b+Ga+*f+c+B5+f+b+G6*h*e+5T*h+*d
+ +GE*h*e+G9*h*d+G1l0*h*e+GE11*h+*d
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3. Instructions on running the programs

Mesh antenna structure using GiD

Run a FORTRAN program called ‘RWG SWG.for’ to obtain

the antenna’s input impedance and current distribution

Run a FORTRAN program called ‘Far Field.for’ to obtain

the far-field antenna parameters

i) Mesh antenna structure using GiD

o Mesh dielectric volume into small tetrahedrons and surface metal into small
triangles.
o Collect information about the mesh. Record the data describing
» nodes and coordinates as ‘| — <DRA shape> <Number of tetrahedrons>

Nodes.dat’

Node number Coordinate in x Coordinate in 'y Coordinate in z

2| I - Hemispherical 2520 Nodes - Notepad

\File Edit Formgt View Help I/ ¥
1 -1.25  -7.65379e—017 -1.53076e-016
2 -1.24214 -0.139956 -1.52113e-016
3 -1.24199 0.141326 -1.52094e-016
4 -1.24164 -4.46274e-011 0.14433

5 -1.06426 -0.0597677 5.62816e-018
6 -1.04878 0.179981 5.89493e-018
7 -1.21895 0.226216 0.159625

8 -1.21866 -0.278151 -1.49238e-016
9 -1.21804 0.28084 -1.49162e-016
10 -1.21667 -1.77913e-010 0.28673
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» metal triangles and nodes as ‘| — <DRA shape> <Number of

tetrahedrons> Metal.dat’

Triangle Number Node Numbers

| ]
”_"T‘ﬁ I- Hemispherwféﬁ Natiéad

File Edit Format WYiew Help

1 623 626 627
2 623 626 625
3 621 623 625
4 621 625 620
5 618 621 620
6 618 620 616
7 613 618 616
B 613 616 609
9 608 613 609
10 608 609 605

» boundary triangles and nodes as ‘| — <DRA shape> <Number of

tetrahedrons> Boundary.dat’

Triangle Number Node Numbers

':|/H.emisphericaf 2 ry - Notepad

Fle Edit Fmat® vied Help

2521 528 483 489
2522 528 489 525
2523 528 549 509
2524 483 528 509
2525 558 540 528
2526 525 558 528
2527 610 570 574
2528 610 604 570
2529 4584 574 570
2530 494 570 541
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» tetrahedrons and nodes as ‘| — <DRA shape> <Number of tetrahedrons>

Dielectric.dat’

Tetrahedron Number Node Numbers

/ %

File: Edit Format Wiew Help

588 594 501 553
603 597 600 564
393 592 597 564
368 555 5365 518
625 626 624 579
593 586 592 544
623 621 617 574
368 565 572 518
373 583 581 553
0 603 600 G608 564

B =R R W W QPR

i) Run a Fortran program called ‘RWG SWG.for’

o Ensure the mesh input files are located in the same folder as this Fortran
program.

o Run the program. Enter inputs as requested by the program such as the
operating frequency range, permittivity of dielectric and antenna mode of
operation.

o The important outputs from this program are the antenna’s

» Input impedance, saved as ‘O — Zin.dat’

Real part of Zin Imaginary part of Zin

| 0 -Xin - Notepad /

|F|Ie Edlt\4Furmat View Help /
| (1.98551696222,-47. 3200608264)
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> Current Distribution, saved as ‘O — Current.dat’

Real part of current Imaginary part of current

-

j O - Current - Notepad

File Edit Format View Help

({0.16749954009,2.45891521811)
(8.491784205770E-02,1.16040121192)

(0.16148060138,2.11726040751) Current
7.990072730448E-02,1. 01712021117) _
(0.14705702887,1. 81530933126) associated
(6.976452232453E-02,0. 84055529410) with each
(0.12327596730,1.45132069891) _ '
(5.615086866781E-02,0. 65065514 578) basis function

({9.211560321584E-02,1. 04768179881
(3.706320104830E-02,0.41565282651)
({5.144816964368E-02,0. 56769762341
(1.472583206496E-02,0.16080012373)

ii) Run a Fortran program called ‘Far field.for’

o Ensure the output files from the previous program, i.e. ‘O — Zin.dat’ and ‘O —
Current.dat’ are located in the same folder as this Fortran program.
o Run the program. Enter inputs as requested by the program such as the
operating frequency, permittivity of dielectric and far-field plane orientation.
o The outputs from this program are the far-field parameters of
» Ee¢ and Eo, saved as ‘O — Eth(polar).dat’ and ‘O — Eph(polar).dat’
» Erand EL, saved as ‘O — ER(polar).dat’ and ‘O — EL(polar).dat’
> Axial Ratio, saved as ‘O — AR.dat’

» Gain, saved as ‘O — Gain.dat’





